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ABSTRACT
Superconducting transitions in a series of Tl-In alloys have 
been studied by measurements of the incremental A#C. permeability 
of cylindrical specimens in an axial field E, Por H intermediate 
between , the upper critical field and surface
nucleation field) the results are interpreted in terms of surface 
superconductivity of the kind first suggested by St, Janes and 
de Gennes, Pirstly, the measurements enable values to be 
determined; high nucleation fields have been observed for some 
freshly electropolished or etched surfaces, and a series of 
controlled experiments have shown that these are caused by a 
gradient in chemical concentration near the surface of the specimen, 
established by electrochemical or chemical processes during electro- 
polishing or etching. Secondly, analysis of the permeability 
changes during transition in terms of a dissipative surface current 
mechanism suggested that, at least for normal and stable surfaces, 
the concept of a critical current density is approximately valid#
The dependence of this critical current density on E has been 
determined; it is about two orders of magnitude less than that 
predicted by a recent theory of Abrikosov. Unstable surfaces 
possessing anomalously high nucleation fields could carry larger
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currents in larger A. C. measuring fields, and thus possess no 
critical current density* A frequency effect on the transition 
has also been observed and discussed.
Transitions in the mixed state of type II superconductors and 
in the intermediate state of a type I superconductor have also 
been studied. Some of the features observed are; dependence of 
the transitions on frequency and on the amplitude of the measuring 
field, and irreversibilities in the transitions, according to 
whether H is increasing or decreasing. Such features are 
discussed in terms of the existence of an ohmic dissipative 
mechanism in the bulk of the. superconductor with a surface current 
operating at the same time.
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CHAPTER I
INTRODUCTION
This thesis describes an experimental investigation into.the nature 
of energy dissipation under A.C. conditions in a series of alloys of 
T1-I& during superconducting transitions. For a superconductor of the 
second kind, at magnetic fields above H^, superconductivity is limited 
to the St* James-de Gennes layer on the surface of the otherwise normal 
specimen. A study of the A.C. losses in this region reveals clearly 
the behaviour of this layer when called upon to carry current. In the 
mixed state, a similar study leads to some understanding of the various 
complicated processes of flux movement and screening. In this chapter, 
a review is given of the theoretical as well as experimental development 
in the relevant field of superconductivity which leads to the present 
investigation. In this thesis, unless otherwise stated, Gaussian units 
are used.
1.1. Surface Energy Concept
The early observation of the existence of a superconducting mixed 
state in a fully annealed and homogenised alloy above a certain critical 
impurity concentration (Doidge 1956) has been successfully explained on 
the basis of Pippard * s non-local theory (1951)• Above a certain critical 
concentration, the coherence length^ in the superconductor, which 
decreases with electronic mean free path, can be decreased to less than 
Xh f the London penetration depth. Consequently, the surface energy
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between the super-normal phases becomes negative. A mixed state, 
consisting of superconducting filaments of dimensions of ^  among normal 
regions, would be energetically more favourable over a certain range of 
magnetic field (Hc^< H< H^) than the perfect superconducting state with 
ideal Meissner effect.
In fact, it is already inherent in the Ginzburg-Landaw(1950) 
phenomenological theory that superconductors fall broadly into 2 cate­
gories, on the basis of the Ginzburg-Landon parameter )C , which is equal 
to IS  where is the London penetration depth artr-abrsutrcrte
•zero* Bulk superconductors with K  ^  1/^ 2 have positive interphase 
surface energy and are said to be of the first kind, or type I. On 
magnetisation, they exhibit an ideal Meissner effect up to the thermo­
dynamic critical field H * Complete flux penetration then sets in andc
superconductivity is destroyed instantaneously# For a superconductor 
h a v i n g , the interphase surface energy is negative, and such 
a superconductor is said to be of the second kind, or type II. On 
magnetisation, it exhibits an ideal Meissner effect up to a lower 
critical field H The superconductor then exists in a mixed state on 
further magnetisation with increasing magnetic flux penetration into 
the bulk. An upper critical field H g will eventually be reached when 
flux penetration into the bulk is completed. Only a surface.layer of 
thickness of the orderremains superconducting up to a higher field 
H ,. This was first predicted theoretically by St* James and de Gennes 
(1963) and subsequently verified experimentally by various experimental 
groups •
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1.2. Effects of Physical Defects and Inhomogeneity
Both kinds of superconductors are known to exhibit hysteresis when 
they are demagnetised from an external field higher than Ho (or H^) •
This is normally associated with trapped flux in the superconductors 
when the external field has been reduced to zero# This behaviour has 
its origin in the imperfections in the superconductor, such as extended 
flaws or chemical inhomogeneity, as is indicated by its relative 
absence in well annealed and homogenised specimens and its enhancement 
by physical deformation or precipitation in different phase* (Living­
ston 1962).
According to Mendelssohn (1935)> these imperfections, in the form 
of fine filaments, form a multiply connected mesh which has a slightly 
higher critical field (threshold value) than the bulk material, and are 
thus capable of carrying super current at a field slightly higher than 
the bulk critical field. Local screening and trapping currents can 
flow round a multiply connected superconducting network and cause flux 
trapping, and hence hysteresis. This is generally known as Mendelssohn^ 
sponge model. The filamentary mesh derives its "hard” superconductivity 
from its thinness compared with the penetration depth. Fleischer (1962) 
pointed out that the strain field energy of extended flaws can also 
contribute to it.
More recently, other models have been proposed, notably the one which 
is based on the restraining properties of individual pinning centres of - 
crystal imperfection on the movement of flux lines (Silcox and Hollins 1963)*
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This kind of model seems more appropriate to explain non-ideal behaviour 
arising from physical flaws while Mendelssohn1 s model would be more 
appropriate for chemical precipitation (Livingston 1962).
None of these models is necessary in the consideration of the 
existence of the mixed state. Pure type I and type II superconductors 
have been shown to exist, both being well defined and both showing 
magnetic reversibility (Calverley and Rose-Innes 1959)* Crystal imper­
fection in both types of superconductors is only a structure-sensitive 
complication to the otherwise ideal behaviour.
1<,3> Abrikosov^ Theory
Despite the success of Pippard!s theory and that of Ginsburg and 
Landau in explaining the existence of the type II superconductor with 
a mixed state, it was not, however, until the formulation of Abrikosov 
(1957) of the theory of superconductors of the second kind that the 
nature of the superconducting mixed state became better understood.
Ginzburg and Landau, in their phenomenological formulation, had 
already dealt with the case where K> l//2 . They limited their 
consideration to finding the condition for nucleation of the supercon­
ducting phase anywhere in the bulk conductor. In this case m 2 , 
the normalized average concentration of super-electrons is much less 
than unity, and the field at any point (having co-ordinate z in the one 
dimensional case) can be taken as H » ^f^dz - constant « HQ» Hq being 
the external field. The first Ginzburg-Landau equation in one
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dimension.
d2f/dz 2 =k2{ - (1 -A2)$ + 'f'3}
reduces to the forms
d2^ / d Z 2 - - K 2 (1- 3402 Z2)
on neglecting the non-linear term .
In the above equations, Ginzburg and Landau use the reduced units:
Z = z/al^  .4- A/Jz HoA j ^  <A = H//? Hq
while K  is given by;
K 2 - 2e*2H(,2 A.* £ 0 / k 2 o2
US/hen the appropriate boundary conditions are taken into account, 
this equation, which coincides with Schrddinger*s equation for the 
harmonic oscillator, has eigenvalues of
- K  (2n + 1)
The ground state (n=o) gives the value of external field at which the 
superconducting phase can nucleate. This is H g = /2* K
Abrikosov’s theory is an extension of the Ginzburg-Landau formula­
tion to 3 dimensions. Also, in order to find a solution to the 
Ginzburg-Landau equations for Hq near, but not equal to, H^, the non­
linear terms in these equations were taken into account by introducing „ 
an appropriate perturbation into the eigenfunction of the linear 
equations. A study of the Gibb’s free energy for different periodic 
structures in ^  showed that a square lattice in a plane normal to the 
external field had the lowest free energy. The function ^  vanishes
-  18 -
at the lattice points where H attains a maximum value equal to the
external field H * H varies between its maximum value from one point to
o.
the next, and its minimum value is given by:
H . = H - (H „-H )J~2 / (2K2-1)min o ■ c2 oy ' v 7
2Lines corresponding to J“i£| «* constant or H = constant form series of 
contours round such lattice points, and they are lines of flow of 
currents#
The separation between lattice points is found to be 
j2JtAL /K • This separation is not affected by the change
in external field near to H 2* Such change only modifies the "contours”; 
in other words, the distribution of 1^1 or H.
The macroscopic magnetisation near Hc2 ^ en assumes the forms
- 47T M/(Ho2-Ho) * l/l#18(2K2-l). This has been
found to fit experimental results very well.
Abrikosov*s theory also considers the penetration of magnetic flux 
into the superconductor at a field Hq just above H  ^when flux filaments 
are far apart. Cylindrically symmetrical solutions of the Ginzburg- 
Landau equations for an isolated filament were attempted. The form
f(r)exp (i©) was tried. Solutions for f (r) have been found for 
both r £ > X L60/K and r«  X  •
Evaluation of the free energy of each filament, and the Gibb*s free 
energy for the system for K'fr 1 and a second order transition shows 
that the lowest external field at which the formation of normal filaments
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is energetically possible is given bys
(lnK+0.08)/2K
The field at the centre of the filament is about twice H while the
magnetisation curve at H  ^ has a vertical slope.
In order to find the arrangement of the filaments above H the
interaction between filaments is considered. Consideration of the
Gibb1s free energy showed that a triangular arrangement is energetically
more, favourable for an external field H less than a critical valueo
' - Hol+0.0594>f2 H / K  .
For Hq> EM the square lattice is more favourable. A first order
transition takes place at causing a small jump in M in the
magnetisation curve.
The above theory is generally referred to in the literature as the
Ginzburg-Landau-Abrikosov-Gor1kov (abbreviated GLAG) theory. Gor’kov
(1959) derived the Ginzburg-Landau equations, for A  »  5  from
the microscopic theory of Bardeen-Cooper-Schrieffer, and showed that
the parameter ^  in the GLAG theory is proportional to the energy gap
function in the BCS theory* Also, the superelectronn in the GLAG
theory are the condensed Cooper pairs in the BCS theory. Gor’kov also
deduced the dependence of K on the normal conductivity <? which was
expressed by Goodman (1962) in the following approximate form;
K =K + 7*5 x 10*“ 2 / (T in e.m.u.0
where is the Ginzburg-Landau parameter for the pure material and 
V the electronic specific heat coefficient of the bulk material.
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Another mode]., a].so "based on the concept of negative surface energy, 
has been proposed by Goodman (1961). Essentially, this model supposes 
that in the mixed state, the superconductor is split up into alternate 
normal and superconducting laminae lying parallel to the external field.
A comparison of the two models with experiments by Goodman (1962) 
showed that the GLAG model is far more satisfactory.
1*4. Flux Pinning
It was pointed out by Gorter (1962) that Abrikosovfs mixed state 
could not carry large transport current, since the Lorentz forces will 
set the flux lines in motion, thus upsetting the lattice structure.
Some kind of pinning of the flux lines is essential to account for 
the capability possessed by "hard” superconductors, such as hard- 
worked Kb alloys, to carry a large transport current in high fields. 
Various experiments have shown that the high field critical current 
which a superconductor can carry is highly sensitive to the extent and 
nature of physical defects and also to inhomogeneities (Hamper 1963)* 
Heaton and Rose-Innes (1963) had shown that for a well annealed 
Ta^ ,- ^ 5 5 wire in a transverse field, the critical current density is 
practically nil over the whole mixed state as compared with that of 
the hard-worked wires.
One is tempted, at this stage, to explain these structure dependencies 
of critical current density on the basis of the Mendelssohn sponge 
model in view of its simplicity. A critique of this model was given
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by Berlincourt and Hake (1963), and more recently also by Yasukocki et al 
(196^)* Despite its many weaknesses when applied to magnetic properties 
of high field superconductors, it might be approximately appropriate 
for a type I superconductor which possesses, by reason of inhomogene- 
ously distributed impurities or strain, a filamentary network for 
which K is greater than l//"2, as pointed out by Berlincourt and Hake.
The large hysteresis observed by Livingston (1962) in his lead base 
tin alloy, on precipitation, and his suggestion of the formation of 
thin, lead-rich laminae, can be viewed in thi3 light. However, in 
view of the success of the GLAG theory, it became obvious that this 
theory would be the basis from which to start to include the influence 
of physical irregularities.
The first rigorous calculation of the interaction between a flux 
line and a defect in a crystal lattice was made by Friedel et al 
(1963), who evaluated the pinning force in the mixed state due to 
cavities close to HQ i^ This was taken up by Silcox and Rollins (1963), 
who used the concept of pinning force to relate the magnetisation, 
hysteresis and bulk critical current with the density of pinning 
centres, on a few crude assumptions.
They set the Gibb’s free energy of the mixed state under a magnetic 
induction B * nGf o
ass G - nfc + f (n) - n ^ QH/47f
where n = density of flux lines crossing a plane normal to the 
external field H.
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£ = free energy per unit length of flux line
- flux quantum = ch/2e 
f (n) = interaction energy per unit length between lines.
By minimising G with respect to n, one gets
e = Hoi^o /47T
If only the interactions between nearest neighbours are considered 
in a symmetrical arrangement of flux lines, f (n) » ignzU(a) 
where z * ITo. of closest neighbours
and U(a) is the interaction energy between two flux lines distance 
a apartc Assuming a linear relationship between B and H in the mixed 
state
i.e. B - n 0 o - C (H-Hol),
and considering only a triangular lattice of flux lines, one gets
U(a) ** ?*02/l2^3TrCa2
and the force of interaction between two flux lines is given by
P(a) = - du(a)/$a
The equilibrium equation of force acting on one flux line is
T  F (r.) « m P 7? * P
thwhere r^  is the distance away of the i nearest neighbour, mis the 
density of pinning centres on the flux line and P^ is the pinning 
force of one centre. The existence of pinning centres enables a 
gradient in flux line density to be established, i.e. a gradient in a.
The above equation then becomes, for a triangular lattice:
- 3 & dF/da . da/dx = mP^ in a one dimensional case,.
On the left hand side, dF/da can be evaluated from the known form of 
F(a), while da/dx can be expressed in terms of dn/dx from geometry, or, 
in terms of dB/dx since B = n$0.
On the right hand side, F^. is taken as equal to = ®0i /^7T *
suggested by Friedel et al as being the order of magnitude of the 
optimum pinning force of a cavity. If one assumes that at low density, 
flux lines can bend to pass through as many pinning centres as possible, 
one can write nm = P where P is the volume density of pinning centres 
in the bulk specimen; Thus the above equation reduces to the form
( 3/4C). d(B2)/dx - - FHol
which on integration gives
B 2 => B 2 - b H 2x, where b « 4P^c/3H .X O Cl 0 Cl
and Bq has the value appropriate to the applied field for the 
reversible curve.
The modified magnetisation curve can then be obtained by averaging 
Bx over the whole specimen and by putting in suitable values of b .
It is remarkable to see that although this model is based on very crude 
assumptions, one can get magnetisation curves resembling to a certain 
extent those obtained by Livingston (1962) with his extreme cold-worked 
lead-in alloy specimen*
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The hulk critical current has the form J.B ~ C which is proportional 
the
to Lorentz force.
A
The Sillcox-Rollins model was modified by Yasukochi et al (1964)
who considered it more appropriate, in the case of cold drawn wires,
to assume that physical defects formed pinning filaments along the
2axis of the wires. They then deduced a new relationship nm = P'used
hy Sillcox and Rollins for a low density of point defects, with
P' = 2N‘ 7/3, N being the density of pinning filaments intersecting a
plane normal to the wire axis. Using this modified model, they were
able to interpret, with considerable success, the magnetisation
results, and the influence of transport currents on them, which they
obtained from heavily cold-worked 2r0_ Nb„c wires.
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1*5* Anderson1s Flux Creep Model
The study of the behaviour of induced ’’persistent” currents in a 
tube of "hard” superconductor by Kim et al (1962) revealed that the 
tube could only carry up to a certain critical screening or trapping 
current which is highly temperature sensitive. Further, this current 
was found to decay logarithmically with time. They therefore suggested 
the existence of a critical equilibrium state between the critical 
current and the field inside at each temperature, expressed in the form 
of
<*-(T) = (B„„+ B„)' * cr x cr o
where oC (t) is a structure sensitive constant of the material and depends
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on the temperature, J % is the maximum current density the super-C!T
conductor can carry, B the critical magnetic induction inside theCJT
superconductor and Bq a constant. If the current density or the 
induction B is increased beyond the critical value in this equation, 
the equilibrium is upset and flux creep sets in. Flux will leak out 
through the material and return to the critical state, or superconduc­
tivity is destroyed.
The flux creep theory was formulated by Anderson (1962) and later 
modified by Anderson and Kim (1963)* on the following physical basis: 
lo The obstacles to flux movements are lattice irregularities, 
forming pinning barriers having an excess free energy AF.
2. Flux lines are caught at the barriers. Due to the fairly 
long range (A-l ) of interaction between flux lines, those 
closer together thanA^are to some extent bound together*
Local perturbations of line density are very unfavourable 
energetically.
5. The size of a pinning barrier is about so that the free 
energy due to a barrier is:
*  P - (Fn-Fs) •% 03P = p (Ho2 3  o3/8TT) ■
p is introduced on the assumption that only a fraction p of 
the total energy is effective.
4* The Lorentz force acting on the bundle, of sizeXj, in the 
region of the barrier, by the current density J in the super­
conductor contributes to the free energy barrier an amount
- 26 -
p
A  Fg *» - JH 1 /c where 1 is the
effective length of line over which the force acts.
5. Thus the free energy hump over which the "bundle must climb 
to get over the barrier is
AF* - A F  + A F 2 = p(H02 03/87r>“ JHA^2 1^ o /c
6. Thermal fluctuation provides this extra energy for the bundle 
to hop out. The hop rate is given by
R = R exp(-AF*/k T)
Anderson was able to explain the result of Kim et al on the basi3 
of this theory with reasonable success, both regarding the form of the 
function inoC(T) as well as the logarithmic nature of decay of the 
"persistent” current.
1.6. Viscous Flow of Flux Lines
Apart from such barriers to flux line movement as pinning centres 
or pinning filaments of lattice imperfection in a superconductor of 
the second kind* Volger et al (1964) pointed out that a moving flux 
line would also interact with the normal electrons in the superconductor 
in the mixed state, and cause viscous flow. A flux line $ , with a 
magnetic quantum $ 9 moving in a sea of normal electrons would set 
up a rotational local electric field E around it and accelerate 
normal electrons into an eddy ourrent with consequent energy dissipa­
tion. Moving with velocity , it would then experience a retarding 
force =» -fv^- , £ being the viscous coefficient. From consideration
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of energy dissipation, one obtains f « ( O ^ A ^ )  }J E2dxdy whore is
the conductivity due to the normal electrons. The rotational local
electric field E can be calculated from curl E =* (v^ • )H/o f H
being the local magnetic field in the flux line region. Volger et al
deduced the following form of X:
f - 0 - j$o30 /c2 where is the magnetic
field averaged over the flux line, and is defined as
H0 =* a J | E2 dxdy/ JJ Hdxdy 
a being a numerical constant of the order of unity.
The flux line is set in motion by a Magnus force K due to inter-Ej
action between the flux quantum and the supercurrent. is approxima­
tely equal to C  Sg * t'J[v - tig sin 9, where j is the super­
current density and 0 the angle between the flux line $ and jg. For 
uniform motion, K «K,*IS. a
From this condition, the rate of energy dissipation per unit 
volume can be evaluated:
p p p
nfy= = J8* B sin *e/crn where B »
is the average induction in the superconductor with a flux line density
of n per unit area in a plane normal to One can express this dissipa-
2tion as an ohmic one p 3g due to the presence of an effective 
resistivity p in the superconductor, p then assumes the form:
p - B sinVo'n “ pn B sin2©/^
where p^ = Vc5*n is the normal resistivity of the metal.
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M -  Surface Nuoleation - Theory
In 1963> Saint-James and de Gennes reconsidered the condition of 
nucleation near the surface of a type II superconductor on the basis 
of the Ginzburg-Landau linear equation: (in the conventional notation) 
(l/2m)/~- ifcV- 2eA/c72\|> + oC = 0 
They considered an infinitely thick plate with the surface in the 
y-o-z plane in a magnetic field H applied parallel to the surface along 
the z- direction, (H = curl A, A = A = 0 A c* Hx) and looked for ar \ x y z /
solution of the form f (x) exp (iky) vvhere k , the wave vector,
is an arbitrary parameter.
The first Ginzburg-Landau equation reduces to the form:
- (fe2/2m) . d2f /dx2 + (l/2m)/~'fik - (2e/o) Hx/ 2 f = - oi f 
(2e being the charge of the Cooper superelectron pair), 
f is subject to the boundary condition:
df /dx = 0 at x = 0 and x =00 (f = 0, at x =00 ).
This coincides v/ith Schrddinger’s equation for a simple harmonic 
oscillator of fundamental frequency 2eH/mc and the bottom of the
potential well located at XQ = lick /2eH. The wave function is concent'ta 
ted in a region of dimension ^(T) around XQ. When XQ »  (T) (i.e.
choosing large value of k), f(x)->0 at x = 0 (and at x =00 ) and the
boundary condition is unimportant. The Ginzburg-Landau equation has the 
usual solution for the harmonic oscillator:
with eigenvalue ~oC*= etiH/mc.
In the opposite limit, X^ ** 0, the above form of also satisfies the
boundary conditions. It is only when XQ / 0 and of the order of ^  (T)
that the boundary condition (df /dx) = 0 has a profound influence
on the wave function and the above form of £ can no longer satisfy this
condition. The new form of f which satisfies this boundary condition
will lead to a lower eigenvalue than the expression for -06 given above.
This means, as St. James and de Gennes stressed, that nucleation of the
superconducting phase will be easier in the vicinity of the surface.
St. James and de Gennes then set out to find the value of XQ for
which the eigenvalue is a minimum. Using the variation principle on
the free energy, they expressed this condition in the form
J £2 £ fek - (2e/c)Hx7dx * 0
which implies that in the optimum state, the overall surface current
2
vanishes. The optimum value of XQ is found to be « ji ^ (T) and
2 2
the corresponding eigenvalue -o^«Ju efes/mc with = 0*5901* This
gives the critical field at which the superconducting phase can
nucleate on the surface. It differs from the bulk critical nucleation
2
field Hq2 of Ginzburg-Landau by the factor jx i
H03 - \ 2 .¥ 2 - - 1-69/2KHo
If the applied field is normal to the surface, the result of Ginsburg 
and Landau is valid and the superconducting phase can only nucleate when 
the bulk critical nucleation field H g Is reached.
Thus for a type II superconductor in a field Hc2< H4 Hc5, applied _
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parallel to its surface, there will he a superconducting sheath of
thickness of the order of (T) near the surface of the sample.
For a type I superconductor, such a sheath can exist above Hq, if
1.69 to a field H* =* I.69 72KH as had been observed byc c
Challis (1964)•
The above formulation applies only to bulk specimens of dimension 
The size limitation has also been considered by St. James 
and de Gennes for a plate and more recently by St. James (1965) for a 
cylindrical sample.
1q8. Surface Nucleation - Experimental Observations
Experimental evidence of the existence of the superconducting 
sheath was provided in the first instance by Bon Mardion et al (1964) 
who studied the resistivity transitions of alloys of Pb-Tl of different 
compositions and obtained values of which agreed very well with the 
predicted values of I.69 They also analysed the early measurements
of Doidge (1956) on magnetic and resistivity transitions of a series 
of In-Sn alloys in the light of the St. James-de Gennes theory, and 
found considerable agreement. It is of interest to note that whereas 
Bon Mardion et al took great care to prepare and examine the surfaces 
of their specimens, Doidge used annealed specimens but with etched 
surfaces and no other preparations*
The effect of transport current density on the transitions in the 
region was also studied. For a fixed value of Y[=* ^/^n>
-Ji­
ll being the normal resistance, the magnetic field varies linearly with
g being the transport current density* This again agreed with 
the result of Doidge.
Other experimental evidence includes that of Gygax et al (1964) and 
that of Hempstead and Kim (1964). Both groups observed a similar 
transport current density - magnetic field - resistivity dependence to 
that of Bon Mardion et al. The Gygax group observed that even with a 
well annealed and homogenised specimen, the surface nucleation field 
was much higher than the theoretically predicted value of I.69 H g with 
freshly electropolished as well as etched surfaces. Only after pro- 
longued annealing did come down to within lOfo of I.69
A similar anomaly was also observed by Cardona and Rosenblum (1964) 
who observed a decrease in surface nucleation field when the surface 
is apparently oxidised. Hempstead and Kim observed that the surface 
nucleation field increased with "the amount of defects introduced by 
cold-rolling.
The observation of Bellau, Morton and Park (1965) that the critical 
current of a type II superconductor in the mixed state also had a 
dependence on the angle © between the magnetic field and the surface 
of the specimens led them to suggest that the St. James-de Gennes 
superconducting sheath extends into the mixed state. Similar observa­
tions were reported by Swartz and Hart (1965) who interpre tsiHTed them in 
terms of two surface mechanisms existing in the mixed state, one of
« 32 r
which is of the St* James-de Gennes type* Both mechanisms show dependence
on 0, on the external field, and are affected by electroplating of Cu
on the surface. They suggested that in the mixed state, transport 
current in annealed specimens is mainly carried on the surface.
1*9* Method of Investigation
The suitability of the A.C. mutual inductance measurements applied 
to superconducting transitions was demonstrated by the experiment of 
Maxwell and Strongin (1963), on the resistivity transition of a
deformed bulk superconductor of the first kind. They suggested a model
in which the dislocations, lined with impurities at low temperature, form 
superconducting filaments of the Mendelssohn type and have a critical 
temperature higher than the bulk material. They supposed that an 
average bulk conductivity can be assigned to the specimen which increases 
to infinity as the temperature is lowered and the filaments grow.
A.C. mutual inductance measurements yield two parameters, p.* and 
ju." , which in general represent the extent of flux alternation and the 
energy dissipation inside the specimen respectively. For 
energy dissipation is predominately ohmic. For H<Hc2, the bulk is 
’’magnetic” and other dissipative mechanisms set in, such as viscous flow 
and hysteresis due to pinning, which contribute to p" while the increment
m
tal paramagnetic permeability of the mixed state also contributes to^ i*.,
A study of the variation of p." with p.* can help one to distinguish the 
various operative mechanisms. An analysis of the secondary wave form
would also help. An extra variable parameter which proved to he very 
helpful is the frequency of the A.C. field. The measuring field ampli­
tude can also he varied over a very wide range without much difficulty. 
It should he pointed out that some of the possibilities of this 
method of investigation only become apparent in the course of the 
experimental investigation.
1.10. The Alloys
The choice of the Tl-In alloys with up to 38(atomic)$ of T1 is based 
on experimental requirements and technical expedience. Guttman (1950), 
and Stout and Guttman (1952) have made some very thorough studies of 
the metallurgical, electrical and superconducting nature of such alloys. 
A brief summary of some of their observations and experimental experie­
nces is listed below, from which the author of this thesis has drawn 
the conclusion that taking into account the time and the technical 
facilities available to him, these alloys are the most suitable choice,
1. Metallurgical:
(a) X-ray diffraction and metallographic transformation studies 
showed that the alloy has a face centred tetragonal (f.c.t.) 
structure up to 23$ of T1 at room temperature and 15$ at 
the melting point ('vl52°C), Above these concentrations, the 
alloy goes into the next phase, which is face centred cubic 
(f.c.c.).
Superconducting critical temperature data led them to believe 1 
that at liquid He temperature the composition at the phase
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boundary would be around 30$ T1 - 70$ In. Resistivity 
measurement on an alloy of 30$ T1 indicated a second 
order phase change at 60°K .
(b) The face centred cubic phase persists up to approxima­
tely 41$ T1 at the melting point (~175 C) and 
approximately 59$ at room temperature.
Resistivity measurements with ln£2 an^ ^ 5 0 ^^O 
alloys indicate no change in phase down to 40 °K*
(c) The shape of the phase diagram indicates that with 
concentrations of T1 up to 40$, precipitation on 
cooling is unlikely to happen.
A sketch of the relevant part of the phase diagram 
is shown in Figure 1.
2 0 0
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2. Superconducting Properties:
(a) A Tl^Qln^Q specimen remained type I with, a sharp magnetic 
transition, while Tiding,, had just gone over to type II.
A Tl^gln^ specimen indicated a fairly large ratio of 
^c2^cl (or<^ er 0  although the specimen, being poly­
crystalline and perhaps not well annealed and homogenised, 
showed non-ideal behaviour in all kinds of transition.
(b) There is a general trend of the i) ratio (hence
the Ginzburg-Landau parameter K) going up with decreasing 
temperatures, e.g. with Tlggli^g
H J'S. -is 1.5 at 2.591 °K; ^  2.0 at 1.286 .°K.
(c) All single crystal specimens showed a few per cent of 
flux trapping, apparently independent of composition 
(up to 20^Tl). Polycrystalline specimens showed large 
flux trapping, expecially with high T1 content specimens.
(d) A broadened resistivity transition in a magnetic field 
was apparent in TL^In^, but not in Tl^In^. It became 
very marked and occurred above the upper critical field 
deduced from the magnetic transition in specimens contain­
ing a higher percentage of Tl. Such broadened transitions 
can be associated with surface superconductivity.
(e) The highest magnetic field used was about 200 oersted.
(f) Tq ranged from 3*38 °& for pure In to ** 2,9 °K for Tl^gln^*
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3* Preparation of Specimens.
(a) Single crystal specimens were obtained readily by a 
conventional method (using a glass mould and passing 
the melt, under vacuum, through a furnace). Annealing 
at 140-145°C for 7 - 16 days ensured uniformity of 
concentration better than a few tenths of Vfo from one 
end of the specimen to the other, although flux 
trapping was observed.
(b) Eleotroplating of the specimen sufaces had been carried 
out successfully and the technique fully reported.
The work of Stout and Guttman points to the following 
possibilities:
(i)
(ii)
(iii)
Both pure type I and type II superconductors 
can be obtained from alloys of less than 
40$ T1 in In. The two phases covered by such 
compositions are broad and well defined. With a 
suitable choice of composition, single phase 
specimens can be made.
The preparation of the specimens is relatively 
simple including that of the surface (electropolishing) 
Homogenisation can be achieved within a relatively 
short time (a few weeks).
Transition temperatures fall in the range that can 
be most easily obtained, controlled and measured.
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(iv) Magnetic fields of about 200 oersted would be 
sufficient for measurements to be made down to 
a reduced temperature of t 2s 0.85 for high T1 
concentration alloys (Tl^In^ and Tl^gln^) and 
considerably lower for the low T1 concentration 
ones. Such fields can be obtained from an already 
available solenoid, using accumulators, the only 
available source of stable current.
(v) Surface superconductivity is already evident in 
alloys containing lOfa of Tl. Results of Seraphim 
et al (1963) indicate the onset of surface super­
conductivity in resistivity transitions at a Tl 
concentration of about &?o.
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CHAPTER 2
EXPERIMENTAL METHOD
An experimental study has been performed of the superconducting 
transition in well annealed (and deformed) Tl-In alloys in the form of 
cylindrical specimens approximately 11 cm long and 3*5 mm in diameter# 
Three types of measurement were made at various stages of transition in 
the specimen(s).
1. The complex mutual inductance of a pair of coaxial coils Wound 
round the specimen was measured as a function of external B.C. 
magnetic field at constant temperatures and also as a function 
of temperature at zero external magnetic field, at audio 
frequencies (23-1280 cps) and using various A.C. magnetic field 
amplitudes.
2. The resistive part of the A.C. impedance of the specimen 
between two fixed points was measured as a function of B.C. 
magnetic field at constant temperatures at audio frequencies 
and using various A.C. current densities.
3. Hie negative magnetisation of the specimen was measured at 
constant temperatures as a function of external B.C. magnetic 
field, both increasing and decreasing.
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2.1. Complex Mutual Inductance Measurements.
When a small A.C • current is passed through the primary of a pair 
of coaxial coils, a small alternating magnetic field parallel to the 
axis of the coils is set up. The alternating flux linking the secondary 
coil causes an A.C. potential to appear across the secondary coil, in 
general Jt/2 out of phase with the primary current and directly pro­
portional to the mutual inductance of the coils#
When a metallic (hut non-magnetic) conductor is present inside 
the coils, a screening current is set up in the conductor acting against 
the primary current. Such a screening current circulating in the 
conductor dissipates energy. As a result, the secondary potential is 
modified hoth in magnitude as well as in phase, giving rise to an 
apparent change in the complex mutual inductance of the system as if 
the conductor had a complex permeability p  » p.1-ip.”. Such a change has 
been worked out mathematically in the case of a cylindrical conductor 
(Maxwell and Strongin, 19&3) s-ncL is found to be a function of the 
frequency of the A.C. field and of the radius and conductivity of the 
conductor. The successful application of this type of measurement to 
the study of resistivity transitions in superconductors has been referred 
to in the previous chapter.
In the case of a magnetic substance (with negligible eddy current 
screening) present inside the coils, the complex mutual inductance also 
changes in accordance with the complex permeability of the substance
- 41 -
yU In this case ja* is the incremental permeability of the
substance and^l*1 represents hysteresis losses. In the present work, a 
Hartshorn Bridge has been used to measure the two components of the 
complex mutual inductance of the system.
2.1.1. The Hartshorn Bridge.
Figure 2.1. is a schematic circuit diagram of the Hartshorn Bridge.
The mutual inductance coils m2 in which the specimen was placed were
connected to a similar pair of coils ml, and both pairs were placed in
the cryostat. They were connected in series but with their secondary
coils in opposing sense, so that the overall mutual inductance of the
system in the absence of the specimen was reduced to a small value.
Changes due to the presence of the specimen hence predominated. Outside
interferences were also reduced. These two pairs of coils, connected
in this manner were also used for magnetisation measurements which will
be dealt with in greater detail under Section 2.3.
The system consisting of ml and m2 in the cryostat was connected
in series opposition to a calibrated variable mutual indicator ms. The
primary current i was supplied by an oscillator 0 through an adjustable 
P
attenuator and matching resistor of 600 ohm to the primary coils of the 
mutual inductors and a potentiometer device P of low resistance. Part 
of the potential across P (- i^f) was injected into the secondary circuit 
The bridge was balanced by adjusting ms and the value of p simultaneously
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The balance condition of this bridge iss-
f
. ii • i»
« 60 (M^ g - M ) (imaginary component) 
Mg = M^2 (real component)
it
where M-^ ** ^ 2  - il^g mu'tual inductance of the system consisting
t »* i
of ml and m2 and I/I = M - iM 'is the mutual inductance of ms. M wass S S Q
ft
read directly from ms while M is small for a good mutual inductor.s
2.1.2. The Mutual Inductance Coils
The calibrated variable mutual inductor was supplied by H. Tinsley 
Ltd., (type 4229B). It consisted of 3 decades: 10 x 1000, 10 x 100 
and 10 x 10 pH and an inductor continuously variable from -10 pH to 
+10 pH with a scale in 1 pH divisions.
The two pairs of mutual inductance coils, which were essentially 
similar, were designed and constructed to the following major requirements 
1. They should have an overall outside diameter of 2 cm and had to 
accommodate specimens of as large a diameter as possible. The 
outside dimension was set by the experimental space available, 
while large specimens would be easier to prepare and handle and 
also provide higher sensitivity to the bridge.
2* Taking into account the size of the specimen, the change in
I
M -^ 2 during the superconducting transition had to be of the order 
of a few thousand pH in view of the maximum value of 11,000 pH 
which the variable mutual inductor ms could cope with. -
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3* The primary winding should provide an alternating magnetic field 
with amplitude ranging from a few oersted to a few millioersted, 
drawing its current from an oscillator (Solartron Type C.O* 546) 
with maximum output of 10 volts and an inbuilt adjustable 
attenuator (0-60db). The magnitudes of screening currents 
induced by such fields were most suitable for the study of the 
current carrying characteristics of superconducting surface 
sheaths and the results could be compared with those of other 
workers using similar current densities*
4* The two secondary coils, as well as one primary coil were also 
used in the magnetisation measurements* Their construction had 
to be considered in this respect, in particular the number of 
turns of the coils and their resistances at liquid helium 
temperature.
5* The ratio of the length to its radius of a primary coil, and 
also the ratio of the length of a primary to that of the 
secondary coil had to be sufficiently large such that over the 
region of the specimen covered by the secondary coil, the 
magnetic field should be uniform to within
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Figure-2*2 is a diagram showing the dimensions of the coils that 
were eventually used. The formers were made of ebonite. The primary 
coils consisted of 4 layers of 38 S.W.G. enamelled copper wire wound 
uniformly throughout the whole length 8cm) of the former, with a 
total of I69O turns, or approximately 2.1 x 10^ turns/metre. The resis­
tance of each coil at 4*2° K was about 0.5 ohm.
Using the available oscillator, A.C. magnetic fields of amplitude 
ranging from 0.1 millioersted to 1 oersted were readily obtained by 
adjusting the output attenuator of the oscillator.
The secondary coils consisted of approximately 12 thousand turns 
of 47 S.W.G. enamelled copper wire wound evenly on the middle section 
of the formers. The resistance of each coil at 4*2°K was about 50 ohm.
The hole through the primary was 4 nim in diameter. Specimens of 
approximately 3*5 11111 in diameter were used. The mutual inductance of
each pair was about 9000 ^uH. With typical specimens, the change in 
!
M^2 from the normal to superconducting state was of the order of 
3000 pE*
The non-uniformity of field over the central region (2 cm) of the 
specimen covered by the secondary coil is less than 0.1$.
2.1.3. The Potentiometer Device P
Ideally, the total resistance of P, which was included in the 
primary circuit, should be fixed and only a variable part (p) of it 
was to be included in the secondary circuit to balance the bridge.
The primary current would not ho affected while the bridge was balanced.
The simplest and most reliable form of such a potentiometer would be a
piece of resistance wire with a sliding contact for the secondary
circuit. In the present series of measurements,p had values of 12 ohm 
h
and 0.1 ohm at p y for frequencies of 1250 and 23 cps respectively.
On the other hand it vanished completely at the superconducting end of 
the transition at 23 cps, so that an accuracy of 0.001 ohm was required 
for low frequency transitions. Coupled with the requirement for a high 
value of(l2ohm or more)* it ruled out the U3e of a single piece of 
potentiometer wire, which would have been too long. Other devices, such 
as shunted resistances in steps were also rejected on the ground of lack 
of simplicity, in favour of the set-up eventually successfully employed.
A decade resistance box (a) with 10 x 0.01 ohm, 10 x 0.1 ohm,
10 x 1 ohm and 10 x 10 ohm was connected to a potential divider (b) as 
shown in Figure 2.1, through a low resistance link (< 0.001 ohm) of 
copper braid, (b) was constructed by soldering a piece of 18 S.W.G. 
eureka wire onto the 29 poles of a 28-step switch, the poles being 
approximately 2 mm apart. The right amount of solder was added to each 
step to bring its resistance to within of 0.001 ohm.
The primary current passed through (a) and the full resistance of
(b) while the potential across (a) plus part of (b) as chosen by the 
position of the tapping switch was injected into the secondary circuit. 
To balance the bridge the magnitude of (a) as well as the tapping point
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on (b) were varied. For small values of j? ('* 0.03 ohm), (a) was 
switched out of the circuit completely.
Changes in the magnitude of (a) affected the primary current,' but 
only to an extent of 2fo even in extreme cases (at p  ^  at high 
frequency). Only in exceptional cases were attempts made to correct 
this by adjusting the other part of the primary resistance.
2.1.4. The Detector
Two factors dominated the choice of a suitable detector: (l) the
sensitivity requirement; and (2) the noise and interference problem.
A simple calculation revealed that using an A.C# magnetic field of 
0.1 oersted, an out of balance of r^id-g© "by 10 jdR (out of a
total change of about 3000/iH from normal to superconducting state) would 
produce a signal of the order of magnitude of 10~^ volt. The detector 
should have sensitivity of this order. The interference problem was 
acute mainly due to the overcrowded condition of the laboratory, and 
also the impracticability of shielding the components of the bridge.
Since the mean square noise voltage is proportional to the bandwidth, a 
detector with high selectivity thus recommended itself.
The detector unit eventually built consisted of a selective audio 
amplifier of 3 independent amplifier units. The output from the last 
was shown on an ordinary oscilloscope.
The pre-amp unit of the detector, which was identical with the last" 
unit except in very minor details, was built to a design similar to the
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one developed by C.K. Battye (1957)* It & multi valve amplifier 
with high forward gain and employed a resistance - capacitance twin T 
network in the negative feed-back line. The components of the twin T 
were so chosen that the amplifier had a selected frequency which could 
be varied in 12 steps from 23 to 1250 ops. The amplifier circuit is 
shown in Figure 2«3 (©-)• A high forward gain of 3 >500 was obtained 
with a high p. triode and a low noise pentode, which were d.c. coupled 
for low frequencies. The selective network was placed between cathode 
followers which provided a low impedance drive and high impedance termina­
tion. The valves were heated by B.C. drawn from accumulators. The H.T. 
was provided by a specially built high stability power unit.
The twin T network arrangement is shown in Figure 2.3 (b). It 
should have zero ti*ansmission between input and output terminals at a 
frequency given by (jQq » l/RC which was the selected frequency to be 
amplified, while signals of other frequencies were suppressed, due to 
negative feed-back through this network,3 sets of capacitors with 6 
sets of resistors were chosen, and one set of each was switched into 
circuit to form an appropriate network at one frequency. This gave 18 
combinations, but in practice, only 13 were used. These are listed in 
Table 2.1.
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TABLE 2,1
C (pF) 
Nominal Value
R (103 ohm) 
Nominal Value .
....- ..' ■' ■ -.. . —i
Frequency (cps) 
Actual Value
0.1 68 25
47 34
22 72.5
0.01 122 150
92 178
68 255
47 332
35 466
22 678
0,005 68 446
47 658
33 887
22 1265
All frequencies vary slightly with time by not more than 
1$. The last one is an exception and varies from 1250 - 
1280 cps.
Mica capacitors with ifo tolerance and jfo high stability carbon 
resistors were used* (Hie members of each set of C!s as well as R*s were 
chosen from a large quantity with the help of appropriate bridges such 
that with the proper combination, the value of CR for each set did not 
differ by more than 1% from one anohter.
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The equivalent Q, factor of an ideal twin T network is A/4 where A 
is the forward amplifier gain. Due to the small hut finite difference 
in values of CR among the members within a set, a small transmission 
through the network of the selected frequency occurred, with a reduction 
in the Q, factor. This helped to stabilize the amplifier and rendered 
it less prone to oscillation.
It has been observed that the frequencies of some combinations 
change slightly with time probably due to changes in room temperature.
Figure 2.4 is a diagram of the intermediate amplifier unit. It 
employed a single low noise high ju pentode with negative feed-back.
The full forward gain was about 1000, but had to be reduced to avoid 
oscillation by means of the negative feedback control. It was battery 
operated. This unit was built and inserted in between the two selective 
amplifiers at a later stage to improve the overall performance of the 
detector.
The performance of the detector was found to be very satisfactory 
for most of the mutual inductance measurements. Although it was originally 
designed for measurement with alternating fields of the order of 0.1 
oersted, it was later used also for fields as small as 0.006 oersted.
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2*2« A.C. Potentiometrio Measurements
A series of A.C. potentiometrio measurements was undertaken with the 
Tl^gln^g specimen as a complement to the mutual inductance measurements 
in the study of surface superconductivity. An alternating current was 
passed through the cylindrical specimen parallel to its axis and an 
alternating magnetic field was set up having cylindrical symmetry about 
the axis of the specimen. The directions of both alternating current 
and alternating field were complementary to those employed in the mutual 
inductance measurements.
For a cylindrical ohmic conductor whose length 1 is large compared 
with its radius a, its complex impedance to an axial flow of an 
alternating current is Z «* R + iX where the imaginary component X is 
normally very small compared with R. Only when the conductivity (y 
becomes very large are X and R comparable, in which case they are both 
very small quantities. If the surface superconducting sheath is looked 
upon as possessing a conductivity or which increases gradually to infinity 
as the external magnetic field is lowered from (similar to the 
Maxwell-Strongin model), the reactance X of the specimen can be neglected 
for all practical purposes. One is then concerned only with a non-reactive 
resistance. The potentiometer was in fact designed on this basis.
2.2.1. The Potentiometer
Figure 2.5 is a circuit diagram of the potentiometer. Both the — -
specimen current and the reference current were supplied by the same 
oscillator. By means of a suitable step-down transformer, specimen
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currents of up to 100 mA could “be obtained from the Solatron oscillator 
used previously, at its full output. This could be reduced to any
it
desirable value by means of the series resistance box R . For higher 
currents of up to 600 mA, an ”Advance” type oscillator was used. The 
voltage across two points along the specimen (s»9 cm apart) was balanced 
against the voltage across the potentiometer device P which was the same 
one used in the Hartshorn bridge and described in Section 2.1.3. The
i
series resistance R in the reference current circuit was usually 
30,000 ohm. The null detector was also the same one used in the Hartshorn 
bridge and described in Section 2,1.4* These two circuits - the Hartshorn 
bridges and the A.Ci potentiometer - were so connected through a 3 way - 
8 pole switch that one could switch from one circuit to the other instan­
taneously. By switching to the third position (with other adjustments) 
the circuit for B.C. magnetisation measurements was set up.
2.2.2. The Specimen Current
For comparison purposes, the current densities should be of the
dame order in both mutual inductance and potentiometrio measurements. In
the region H ^ < H < H^, the resistivity transition occurred in the surface
sheath* A simple comparison between the transport and screening current
densities carried by a perfectly superconducting surface sheath could bo
made for these two types of measurement.
A.C. potentiometrio measurements: ;
Current amplitude = I amp 
Radius of specimen = a cm 
Surface current density =* l/2jf a amp per cm
- 56 -
A.C. mutual inductance measurements:
Alternating field amplitude = oersted 
Surface current density = 0.79& Hq amp per cm*
For example, if Hq = 0.12 oersted,
Radius of specimen = 0.175 cni 
The equivalent I =» 0.1 amp.
2.2.5. Sensitivity of the A.C. Potentiometer
The sensitivity of the A.C. potentiometer, using a specimen current 
of 100 mA varied from good at 23 cps to poor as the frequency was increased 
to 1230 cps. The poor performance at high frequencies was believed to he 
caused by the high intensity of interferences picked up by the circuit.
A few examples are listed in the following table.
Specimen current =* 100 mA
Frequency
Normal state 
resistance 
(arbitrary unit)
Accuracy*in measuring 
resistance 
(same unit)
1230 cps 0.30 0.02
178 cps 0.30 0.005
23 cps 0.30 0.002
By accuracy is meant the deviation from the balance condition 
which one could detect.
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2.3. Static Magnetisation Measurements
The magnetisation behaviour of both type I and type II superconduc­
tors has been discussed in the previous chapter. Measurements of the 
negative magnetic moment of the bulk of the specimens both during 
magnetisation (from the virgin state) and demagnetisation were made using 
a pick-up coil and a high quality fluxmeter with photo-amplification.
From the magnetisation curves, the various critical fields, and hence 
the Ginzburg-Landau parameter , could be estimated. Useful informa­
tion was also obtained from a study of the irreversible magnetisation 
of the mixed state and the phenomena of hysteresis and flux trapping.
By plotting the various critical fields against temperature, the critical 
temperature could be determined by extrapolation.
2.5.1. The Magnetic Induction Method
If two identical pick-up coils, connected in series-opposition and 
then to a fluxmeter, are placed in a homogeneous magnetic field parallel 
to the axes of the coils, the flux linking the two coils are identical*
Any change in external field would produce identical flux linkages in 
the two coils, which cancel out. The fluxmeter would register no change.
When a cylindrical superconductor is introduced into one of the coils, 
two different situations arises
1. At high magnetic field the specimen is normal, its permeability 
does not differ appreciably from that of empty space, and the 
flux density inside the coil is not affected. The fluxmeter
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would register no change on changing the magnetic field.
2. When the specimen is superconducting, the magnetic induction in the 
specimen is altered.
On applying a magnetic field H^, the fluxmeter would register
a net flux linkage:
flux linkage in coil 1 - flux linkage in coil 2.
If n^ and xig are the number of turns and and Ag the areas of the 
two coils, the specimen being in the second coil, then 
A  0 -■Bon3A1 ~ [Bon2(A2-a)+Bsn2a] 
where Bq = the magnetic induction in the empty space in the coils »Hq
a *■ the cross-sectional area of the specimen
Bg « the magnetic induction inside the specimen,
since n^A^ « n2^2 ^or ^ en^ oa  ^oolla,
M  - ( V B«) n2a
“ (ffo-Ba) n2a
= -47TMn0a since H = B -4TfMt O S '
where M is the magnetisation of the specimen. Thus the fluxmeter reading
is a direct measure of the magnetisation of the specimen.
or
For Hq<  Hc1 Hq , the specimen is a perfect superconductor and
« H^ga (Hq « 4JTM, Bg » 0). This does not hold for
Hoi< H0 <  Ho2 where < scn2a-
2.3.2. Experimental Arrangement
In the series of magnetisation measurements undertaken, it was found 
that with the best fluxmeter obtainable on the market, the change in
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flux linkage to be measured was too small to be read off directly with 
sufficient accuracy* A photoamplifier was built which amplified the 
movements of the fluxmeter light spot by/v 100 times. To avoid calibra­
ting the amplifier and other complications, the fluxmeter was used only 
as a null detector. A B.C. current was passed through a compensating 
coil placed inside the empty pick-up coil, setting up a field in such 
a sense and of such magnitude that the change in flux linkage 
in this pick-up coil would be equal and opposite to that in the other 
due to the presence of the superconductor in it. The fluxmeter spot
would be restored to its original position.
« *
If H is the magnitude of the compensating field, and a the
effective cross-sectional area of the compensating coil,
,i t i
A P j  = h y
i t
As H is directly proportional to the compensating current I flowing
in this coil,
I  t*C A  ffjodM
The magnitude of this current was taken as a measure of the magnetisation 
of the specimen and plotted against the external field.
For technical reasons, the two pick-up coils were not rendered 
geometrically identical. Instead, a third pick-up coil was inserted.
This was placed inside an ancillary solenoid connected in series with 
the main solenoid which provided the magnetic field in the experimental 
space. The coupling between this third pick-up coil and the ancillary 
solenoid could be adjusted. After the specimen had been cooled down to
- 6 0 -
4*2°K (when it was still normal), adjustment was made until the,total 
mutual inductance between the magnetising circuit and the pick-up coils 
-fluxmeter circuit remained zero* This setting of the coupling was kept 
undisturbed for the rest of the day!s measurement.
Figure 2.6 is a schematic diagram showing the 4 circuits of the 
experimental set-up.
1. The magnetising current circuit.
2. The fluxmeter circuit.
3. The compensating current circuit and
4« The photoamplifier circuit.
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2.3*3* The Magnetising Current Circuit
The magnetising current to the solenoids was supplied by a series 
of freshly charged 2-volt accumulators through a variable resistance 
R1 which consisted of a number of decade resistance boxes* The voltage 
across the standard resistance R2 was measured by a multirange voltmeter 
V. This was preferred to the inclusion of an ammeter in the circuit, 
a change in range of which might cause appreciable change in circuit 
resistance or even a momentary interruption of the circuit.
The main solenoid A was on loan from Dr. P.R. Doidge of this 
department who also kindly supplied the following datas
Magnetic field per unit of energising current « 42 oersted/amp 
Maximum constant current rating (without cooling) * 4 amp* 
Homogeneity: not worse than 0*1$ over a region up to 6 cm on 
both sides from the middle*
The solenoid had end correction, was 16 cm long with an inside diameter 
of 8*3 cnn
Currents of up to 4 amp had been used. This was found to be the 
practical upper limit of stable current to be used with the simple equip­
ment available.
Solenoid B was about 4 cm in diameter, had 9*5 turns to the cm, 
giving 12 oersted per amp over a length of 20 cm. A gap in the windings 
of -g- cm was left in the middle through which two holes were drilled 
diametrically. One part of the pick-up coil s3 was supported by two
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screws passing through these holes and could thus he turned in the 
magnetic field about a diametrical axis in line with the screws, allowing 
the coupling to be adjusted.
In the A.C. mutual inductance and potentiometrio measurements, the 
static magnetic field was also provided by this circuit, but with ifche 
ancillary solenoid shorted.
2„5«4q The Fluxmeter Circuit
The circuit consisted of the three pick-up coils si, s2, s3 and 
the fluxmeter P, connected in series as described in Section 2.3*2. The 
fluxmeter was supplied by Norma of Vienna. One of its features was the 
provision of an adjustable antidbift device which was found to be the 
most useful. On the highest sensitivity range, it registered 1 mm 
deflection for 1000 maxwell turns, with a searoh coil resistance of 
30 ohm* The internal resistance was 30 ohm, so that the sensitivity 
would be halved if the search coil resistance was increased by 60 ohm.
The two pick-up coils si and s2 were the secondaries of the mutual 
inductance coils ml and m2 described in Section 2.1,2. The following 
extra requirements were taken into account in their design.
1. The total resistance of the two coils at liquid helium temperatures 
should hot grossly exceed 30 ohm which was the reoommended optimum 
value. Increase in this would reduce the sensitivity of the flux­
meter reciprocally, and also upset the overdamped condition of — 
the fluxmeter operation.
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2« They should have the largest possible number of turns within the 
geometrical limitations imposed.
Prom the sensitivity point of view, these two conditions were 
conflicting; but taken together, they did not constitute too rigid a 
requirement. Yet in view of the necessary overdamped condition of 
operation, a pick-up coil resistance close to the recommended optimum 
value was desirable, if only to reduce zero drift.
The coils finally used had 12,000 times each, with a total resistance
(at He temperatures) of about 100 ohm, thus reducing the sensitivity of
the fluxmeter to about one-half, i.e. about 2,000 maxwell turns per mm
of deflection. The introduction of a perfect superconductor of 0.35 mai
in diameter into one Of the coils in an external field of 10 oersted,
would cause a change in flux linkage of the order of 10,000 maxwell
turns, registered by a deflection of 5 J®111 on the fluxmeter.
The third coil s3 consisted of two parts. One part had about 
21,300 cm turns, mounted firmly inside and coaxial with the Solenoid B.
2
The other part had about 380 cm turns and was mounted in the middle of 
B, in a manner described in the previous section.
Permanent junctions between coils, when outside the cryostat, were 
immersed in beakers of oil to reduced changes in thermal e.m.f. Where 
permanent junctions were deemed impractical, connections were made 
through small pools of mercury in large paraffin blocks, which were 
immersed in oil baths.
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For mutual inductance measurements, the coil s 3 was taken out of 
circuit*
2a3o5« The Compensating Current Circuit
The compensating coil c was the primary of the empty pair of mutual 
inductance coils described in Section 2*1*2* Current was supplied by 
two 2-volt accumulators through a decade resistance box R3, and measured 
with a multirange milliammeter I* The highest current used was of the 
order of 50 mA*
2o3.6* The Photoamplifier Circuit
The light spot, about 2 cm x 2 cm, of the fluxmeter was allowed by 
removal of the scale to fall on a split pair of identical semicircular 
selenium photocells PI and P2 cut out of a circular cell of 4 cm diameter. 
The two cells were connected in parallel opposition and then to a high 
sensitivity galvanometer C (24 cm deflection per piA). No current would 
flow through G when they are equally illuminated. Displacement of the 
light spot from this position would produce a corresponding out-of- 
balance current through G. Amplification of the order of 100 was 
achieved, but the system was used as a null indicator.
The fluxmeter was placed in a black box with its front open to 
allow visual observation. The box was mounted on a rigid support fixed 
to the wall to reduce vibration. The photocell system was mounted on a 
screw device and could be moved parallel to the former scale of the
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fluxmeter* This provided a fine zero adjustment. The mounting was 
attached to a separate rigid framework fixed to the wall, so that no 
disturbances could be transmitted directly to the fluxmeter.
2.5«7o Accuracy of Measurements
The two variables to be measured were the magnetising current and 
the compensating current; both could be read from meters to an accuracy 
of ifo of the full scale. The largest error incurred in the measurements 
arose from the zero drift of the fluxmeter. This was reduced as far as 
possible by taking various precautions and by making use of the anti­
drift device; nevertheless, it could not be completely eliminated.
Although every time after the magnetising field was changed, tthe 
compensating current was re-set as quickly as possible to restore the 
galvanometer spot to its previous position, the drift in the fluxmeter 
during this short interval contributed to an uncertainty as to where the 
position of the galvanometer spot ought to be for exact compensation.
An error in the judgment would cause an error in the setting of the 
compensating current. This was cumulative and appeared as a non-zero 
compensating current when the specimen was completely normal, starting 
with the specimen superconducting at zero field when the compensating 
current was zero. This non-zero compensating current was normally of 
the order of a few mA (either positive or negative) compared with a 
maximum compensating current used ranging from 20-70 mA, depending on 
the temperature.
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The error thus incurred did not affect the determination of Ho
in type I superconductors, nor H  ^and H g in type II superconductors.
It did not alter the general shape of the magnetisation curves either,
It did, however, affect the determination of H in type II superconduc-0
tors, for which the area under the magnetisation curve had to be 
found, A correction was made and it was found that different methods 
of evaluating this correction yielded the same value of to the 
degree of accuracy required. Trapped flux was estimated as the 
residue of positive magnetisation by magnetising the specimen from the 
virgin state to the normal state and demagnetising to zero field 
sufficiently rapidly for the zero drift to be negligible.
2.5.8. The Earth1 s Magnetic Field
No effort was made to compensate for the component h of the earth!s 
magnetic field along the axis of the specimen, This component was 
found to be approximately 1.4 oersted and corrections were made accord­
ingly to all measured fields in all the measurements. The value of h 
was estimated by the following procedure:
Magnetisation measurements were made at temperatures close to 
the critical temperature, when the values of critical fields
H , H n and E 0 were only a few times that of h. These measure- 
C Cx 0*
ments were repeated with magnetising fields in the opposite 
direction, and another set of values of critical fields were 
found. Discrepancies between the two measured values of the
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corresponding critical field gave twice the value of h.
2.4* The Cryogenic3
The basic cryogenic requirements were:
1. To provide a liquid helium bath of optimum dimensions in which the 
specimen and measuring coils were placed. Static magnetic fields 
were applied from an outside solenoid (described in Section 2.3*4*) 
at room temperature.
2. To set the temperature of the bath at any temperature between 
2.0° to 4*2^ and to automatically regulate it to better than 
0,002°K over a sufficient period of time for a complete set of 
measurements to be completed.
3* To measure the temperature of the bath to better than 0.002(k .
The first requirement was met by a set of glass dewars, having a 
straight tail which just fitted into the solenoid. The second require­
ment was met by an automatically controlled pumping system. Pine 
regulation was provided by a heater immersed in the bath, the heater 
current being automatically controlled by an electronic device which 
responded to pressure changes in the cryostat. The third requirement 
was met by a mercury manometer, and, when necessary, with the help of 
a differential oil manometer.
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2.«4ol« The Cryostat
A pair of conventional concentric glass dewars was used as the 
cryostat. It was made by Jencons Limited, and is shown schematically 
in Figure 2.7. The tail portion was designed to fit into the solenoid
_ H
of inside diameter 9 thus limiting the inside diameter of the inner
m
dewar to 2 . One litre of liquid He overfilled the tail portion by
2 cm, providing 7 to 10 hours of working time*
The top of the inner dewar fitted into a metal cap (Figure 2.3).
A piece of rubber band overlapped the rim of the cap and the wall of 
this dewar, providing a vacuum seal. Connections to the pumping line, 
to the manometers and to atmosphere were all made through this cap 
with appropriate vacuum unions and isolation valves* The specimen 
mounting M was fixed to the lower end of a thin wall stainless steel 
tube T* The upper end of T was soldered onto the blank end B of an 
0-ring, hand-secured type vacuum union U. This was secured onto the 
other half of U on the cap. Electrical leads passed through small holes 
drilled through B, which were subsequently sealed with Apiezon W.40 wax. 
The whole specimen mounting could thus be taken out of the cryostat 
simply by undoing the union U. The liquid helium transfer tube was 
also introduced through an 0-ring seal, and was replaced by a blank
piece after the transfer. With the outlet to atmosphere turned off,
the cryostat was set for pumping.
The outer dewar rested on a support which was fixed to the main 
"Handy-angle" structure. The inner dewar was suspended from the cap 
which was also secured to the main structure.
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2„4q2. The Pumping Line
Figure 2<»9 is a- sohematio diagram of the pumping line# The rotary 
pump P supplied hy Edwards High Vacuum Limited, had a speed of 180 
litre/s^ e-. To reduce the temperature of the helium bath to below 
4#2°K the cryostat was pumped through the needle valve 72 with which 
the rate of cooling could be controlled# The pumping line through 
71, a 1” - Butterfly valve provided a higher speed of pumping but was 
never used# When the desired temperature was reached, V2 was closed and 
the cryostat was pumped through an Edward’s Cartesian manostat M#
This automatically regulated the speed of pumping so that the pressure 
in the cryostat, and hence the temperature of the bath, was maintained 
at a value determined by the manostat setting# The manostat could be 
isolated by means of 2 small isolation valves 73 and V4« A l11 valve 75 
isolated the whole system from the pump; 76 was an air admittance 
valve. LI and L2 were two pieces of 1” diameter pressure rubber tubing 
and were inserted to absorb vibration generated by the pump. The 
section between LI and L2 was firmly fixed to a large isolated framework 
secured to the wall# This greatly reduced the amount of vibration that 
could be transmitted to the cryostat# The metal bellows B provided 
flexibility and also served as the last buffer to vibrations. On the 
cryostat side of B, no vibration was felt.
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204o3» The Automatically Regulated Heater
Slow long term temperature drift was experienced, using the 
cartesian manostat alone* This was undesirable since one complete set 
of measurements could last about an hour. A small heater with an 
automatically regulated heating current was placed at the bottom of 
the helium bath, which set up a convection current of liquid and 
ensured the uniformity and constancy of the temperature of the bath.
Por reasons of simplicity, the differential oil manometer, which 
had already been built as part of the thermometer and will be described 
in the next section, was used as the sensing element. A change in 
temperature of 0.001°K at about 3°K would cause a change in pressure 
equivalent to 6 mm in height of oil column, i.e. 3 mm displacement of 
oil level in each limb of the manometer. Such displacement was fed as 
signal to the heater control through an optical electronic feed-back 
line.
A small 6 volt lamp and a photosensitive resistor were mounted on 
opposite sides of one limb of the oil manometer near to the liquid 
level at such a distance apart that the oil column, forming a cylindrical 
lens, condensed the light from the lamp through a narrow vertical slit 
cut on the metal cover, on to the photosensitive resistor. Above the 
oil level, the glass tube dispersed the light. Thus the total amount of 
light falling on the resistor depends on the position of the oil level 
relative to the lamp-slit-resistor system. The resistance of the
resistor varied accordingly with changes in oil level® This set-up is 
illustrated in Figure 2.10.
Figure 2.11 is a circuit diagram of the heater control. When the 
resistance of the photosensitive resistor P changed, the phase angle of 
the signal to the grid of the thyratron changed accordingly relative to 
the mains voltage, or the anode voltage. This determined the fraction 
of a cycle during which the thyratron conducted, and hence the power 
output of the thyratron,. The current through the heater was smoothed by 
C3 and had a ripple of about 5i°+ The heater, a small double-wou-nd coil 
of 40 S.W.G. eureka wire, had a residual resistance of about 1000 ohm. 
The heater current was originally set at about Jmk (dissipating 10 mW) 
by adjusting Bl, which determined the phase of the grid signal to the 
thyratron, and R2. The sensitivity of the regulator also depended oh 
R1 and R2, and the proper working condition could be set up by choosing 
the right relationship between them. Although the controlled region 
was about 2-g- cm long, it was found that the oil level seldom changed by 
more than 2 mm over a period of 4 hour, corresponding to a drift in 
temperature of less than 0.001°K at 3°K »
2.4.4. The Thermometer.
Temperature was measured in the conventional way by measuring the 
vapour pressure of helium in the cryostat with a mercury manometer, the 
reference limb being evacuated continuously to a pressure lower than.., 
0.05 mm of Hg. The manometer could be read to an accuracy of 0*4 mm,
,..76 -
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corresponding to an accuracy in temperature of 0*0015°K at 3° K * ®ie
conversion from vapour pressure to temperature was "based on the 1958
Liquid Helium 4 (^H0) Vapour Pressure Temperature Scale0
A differential oil manometer was also provided* One limb of the 
manometer was connected to the cryostat while the reference limb was 
connected to a 1-litre glass bulb immersed in a constant temperature 
bath of ice and water. The two limbs were linked through a tap, which
was kept open during major changes of cryostat pressure, and was closed
only when the required temperature was reached. The manometer then 
responded to subsequent change in pressure. Using Apiezon M oil 
(s.g. 0,87 at 20°C), the sensitivity of the oil manometer was 15»6 times 
that of the mercury manometer. Figure 2,12 is a schematic diagram of 
the two manometers.
The differential oil manometer served the following purposes:
1, In studying some transitions, temperature instead of magnetic 
field was varied, in which case the temperatures were best 
measured with the oil manometer, which was calibrated at several 
points against the mercury manometer,
2, To serve as a senser for the heater current regulator described 
in the previous section,
2°4*5• The High Vacuum System
A high vacuum system was also built to provide reference vacuum to 
the mercury manometer, for leak testing, specimen preparation, evacuation 
of the He dewar and other general purposes.
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2*5* The Specimens
Cylindrical specimens of Tl-In alloys, containing up to 38 atomic rfo 
of Tl, were prepared "by vacuum casting and by subsequently passing 
through a furnace at; a slow rate to obtain large grains* Surface 
irregularities were removed by electropolishing* The annealed specimen, 
about 11 cm long and 3*5 mm in diameter, with a highly polished surface, 
was mounted inside the cryostat for measurements*
2*5,1, Preparation of Specimens
Specimens were prepared from one batch of T1 of 99*999i° purity 
supplied by L. Light & Co* Different batches of In were used as listed 
in Table 2,2,
TABLE 2,2.
Specimen Atomic <fo of T1
Supplier of 
In
Purity of 
In
Major
Impurities
Annealing 
Time 
(at 130°C)
T138 In62 38 Vandervell . 99*99$ Fe,Sn,Cu 20 days
T133In67 33
L.Light 99*999$ Pb,Tl,Sn 46 days
14 L.Light 99*999$ Pb,Tl,Sn 35 days
T l ^ I n ^ 74- L.Light 99*999$ Pb,Tl,Sn 46 days
The two constituents, weighed out in the correct proportions to a total 
weight of about 15 gm, were introduced into a clean glass melt-tube which 
was then evacuated. The melt-tube consisted of two parts joined together*
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One part, with a closed end, was about 16 cm long with a bore of 4 mm, 
and formed the mould into which the alloy was cast* The other part was 
about 10 cm long with an internal diameter of about 1*5 cmt and was 
slightly bent at the middle. The mould was previously coated with a 
thin layer of graphite (using a colloidal suspension of graphite in 
alcohol, which was allowed to dry and was subsequently degassed at 
250°C for several hours). The metals were melted at the bent portion 
of the melt-tube, degassed and mixed by shaking vigorously for several 
minutes. The melt was then tipped into the mould and allowed to solidify* 
The mould was then broken at its end and the casting slid out after 
being cooled in liquid air.
The casting was then cleaned with tissue using alcohol. It was 
introduced into a second similar melt-tube and recast. The mould, when 
cool, was sealed while still under vacuum, taken off from the rest of 
the melt-tube, and then lowered through a vertical furnace at 250°C 
at a speed of 3 cm per hour. The surface condition was much improved 
by the recasting, due to the comparative absence of dirt (mainly oxidation 
products of Tl) a small part of which was carried down with the melt 
on the first casting and deposited on the metal-graphite intersurface*
The specimens, after electropolishing, were sealed under vacuum in 
glass tubes and annealed for several weeks at 150°C.
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2.5*2. Preparation of Specimen Surface
For the study of St* James - de Gennes superconducting surface 
sheaths, irregularities on the specimen surface had to be removed*
This was done by electropolishing, using a technique similar to that 
of Guttman (l950)» The electropolishing solution consisted of 2 parts of 
concentrated SCI and 5 parts of concentrated HNO^ in 75 parts by 
volume of ethyldigol. The electropolishing cell was designed to suit 
the geometry of the specimens, and is shown schematically in Figure
it
2.13* The gas jar G, about 2 in diameter, was filled to a depth of
i» ■
10 with the polishing solution which was stirred by the stirrer S
it
driven by an electric motor. A glass cooling coil, 7 long and with
11
internal diameter of approximately 1 , was immersed in the solution*
An aluminium foil, with wide strips cut out of it was fitted inside 
the coil to form a cylindrical cathode. The open strips provided 
windows for circulation. The specimen was held at the top end by a 
chuck which was rotated slowly (about 3 revolutions per second) by hand* 
For short polishing, the specimen was held by hand with a crocodile 
clip.
The cell voltage was about 100 to 110 volts. With a specimen
14 cm long and 4 nan in diameter, the cell current was of the order of
2
4 amp corresponding to a surface current density of 0*24 amp per cm • 
About 100 calories of heat was dissipated per second in the cell. 
This was larger than the cooling system could cope with. A short period
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of about 5 seconds of polishing in every -J- min was found to be the best 
procedure* This also removed the inconvenience experienced by Guttman 
who had to take the specimen out and immerse it in lO^HF solution from 
time to time to remove an anodic oxide film formed during electropolish­
ing# The formation of this film may be caused by local overheating at 
the surface# By polishing in short intervals, no such difficulty was 
encountered#
The specimen coming out of the mould after re-casting usually had 
a rough surface# Except at a few localized spots, all the roughness 
was removed after taking off about 0#2 mm from the surface by polish­
ing. This was done before annealing. Immediately before the specimen 
was mounted and introduced into the cryostat for measurements to be 
made, it was re-electropolished for about one minute to give it a fresh 
surfacei About 10 cm was taken off, which was many times larger than 
^  , Pippard!s coherence length which is also the order of thickness 
of the superconducting surface sheath.
2.5.5* Speoimen Mounting
The two pairs of mutual inductances were mounted parallel to one 
another, at a distance of 2.2 cm apart. The coupling between the 
primary of one pair and the secondary of the other was negligible.
The specimen was inserted into the central hole of one pair of 
the mutual inductances. Current and potential leads for A.C. potentio- 
metric measurements were attached to the ends of the specimen by means of
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specially made tags of l/8 thick perspex sheet, and were approximately 
1 cm x 1 cm, with a hole slightly larger than the specimen diameter 
drilled through it. This was slid down the specimen to its proper 
position and electrical contact was made by tightening a 10BA screw, 
which threaded through one side of the tag, against the specimen.
Wire for electrical connection was soldered on to the head of the 
screw. The uppermost tag rested on the framework of the mounting and 
hence supported the whole specimen.
The mounting was supported inside the cryostat as described in 
Section 2.4*1*
CHAPTER 3
STATIC MAGNETISATION MEASUREMENTS —  RESULTS
Static magnetisation measurements have been made for the
purpose of obtaining some basic properties of the superconductors,
such as T , K » and the variation of the H *s with temperature c c
near T • The knowledge of these properties is of importance for c
the understanding of the results of the other measurements#
One magnetisation curve of each specimen is shown in Pig, 3*1*
Both ^ 33^n67 found to be type II superconductors,
while Tl-iln^i belongs to type I; ^ I 4^n86 aPFears on
X x
borderline between the two types, but can be considered as a type
II superconductor with K only slighly greater than l/VST Some
hysteresis was evident in all the three type II superconducters*
Flux trapping was found by an individual measurement to be of the
order of a few percent of II x (area of cross-section of specimen)#c
The Tl_,Inftrti specimen did not exhibit much hysteresis nor flux 
'a-
trapping.
For each specimen, 5 to 6 of such magnetisation curves were
obtained at different temperatures down to about t -=» t/t CSC 0.85*
The values of the Hcfs were plotted against T, and, by extrapolation,
T was found. The H fs versus T curves are all linear. Those of the c c
Tl^gln^,) specimen are shown in Fig. 3*2. The value of K is deduced 
from the slopes of the fl 2 versus T and the Hc versus T curVes;
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Values of K and T are listed in Table 3«c
Table 3
........ 1
Specimen T °K c K
T138In62 2*742 1.48
Ti33In67 3* 208 1.52
Ti14In86 3*249 0*707
Ti7 *n92 3*274 ^  0*45
The critical temperatures are plotted against the compositions 
of the alloys in Fig* 3*3* The results of Stout and Guttman (1952), 
and those of Meissner et al (1932) for the same alloy series are 
also shown in the same diagram* The results of the present inves­
tigation appear to be closer to those of Meissner et al* However, 
the critical temperature data of both groups were deduced from 
resistivity transition measurements* There appears to be a phase 
transition from face—centred-tetragonal to face-centred-cubic at a 
concentration of 33-37 atomic percent of Tl* The sharp change in
T may be attributed to a sharp change in the density of energy c
states at the Fermi surface accompanying a phase transition*
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Figure 3.1. Static Magnetisation Curves
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Figure 3.1. Static Magnetisation Curves
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CHAPTER 4
E
THE SUPERCONDUCTING SURFACE SHEATH —  NUCLATION FIELD
4
In resistivity transition* measurements, using A*C. mutual
inductance method, the onset of surface superconductivity can be
identified as the point when the /i" value begins to rise markedly
from its constant value in the normal state* The /u* value also
begins to decrease at this point, but in general, ,u" is a more
sensitive measure* When transition measurements are made by
reducing the static field from a high value, the surface nucle-
ation field H - can be determined as the field at which surface 
c3
superconductivity sets in* A more accurate method is also 
available which will be discussed in Section 5*2 in the next 
chapter, in connection with surface current.
The surface nucleation fields of the various specimens, sub­
jected to different kinds of surface treatments have been studied* 
An explanation will be given for anomalously large surface nucle­
ation fields observed in this work as well as by other groups,
* In this and the following chapters, the term "resistivity 
transition" is used, in connection with A.C* mutual xnductance 
measurements, to described generally the transition in ^n* and j(u" 
when the static field (or temperature) is varied. This is purely 
a matter of convenience, and it is not implied that changes in yu f 
and ju" are necessarily brought about by change in "resistivity"*
- 93 -
4.1; The Surface Nucleation Fields.
An anomalously large surface nucleation field (Hc^> was
observed with a freshly electropolished surface of the Tl^gln^ 
specimen; This was also observed in A.C. potentiometric measure­
ments* This field decreased markedly ( to^ 1;8H g ) after the 
specimen^ had been left in the cryostat at room temperature for 
one week; The surface was coated with silicone fluid and no de­
terioration in surface polish was apparent* Fig. 4.1 shows two 
identical measurements with an interval of one week in between.
On re-electropolishing, the surface nucleation field was pushed up 
again, but the actual value differed each time. A surface nuclea­
tion field as high as 3*5 had been observed.
The Tl33In6? specimen also exhibits similar behaviour on electro­
polishing and on *room temperature annealing*• One remarkable 
observation on this specimen is that the first measurement, which 
was made after the specimen had been annealed for 46 days without 
further electropolishing, yields a surface nucleation field of ^ 1*7 
H 0. This is the value predicted in the St. James-de Gennes theory. 
Etching the electropolished surface with 20$ HF solution raised the 
surface nucleation field, which decreased markedly on leaving for 
one week at room temperature* A series of controlled measurements 
with this specimen is reproduced in Fig. 4.2 (a) and (b);
Fig. 4,2 (a) 0  Cl * * * * *
O A DVOX .......  ^
- 94 -
LO
</>
CcJ
TO
H—
u jc
L_
fO
LO
Fi
gu
re
 
4.
2.
 (
a) 
Tr
an
si
tio
n 
M
ea
su
re
m
en
ts
—
-D
if
fe
re
nt
 
Su
rfa
ce
 
Tr
ea
tm
en
ts
- 95 -
I f o \
Or >
Ed—
i
Fi
gu
re
 
4.
2.
 (
b) 
T
ra
n
si
ti
o
n
 
M
ea
su
re
m
en
ts
— 
D
if
fe
re
nt
 
Su
rf
ac
e 
Tr
ea
tm
en
ts
- 96 -
O CM
\
/ Ea
i.
- 97 -
(A)* Surface electropolished and then annealed for 46 days
Qat 130 C before measurement.
» 0.018 Oe.o  o : !h0l - °-i8 0e; a  □ : !h0
(B). Surface re—electropolished after measurement (A).
+  X  : |boJ * 0.18 Oe; : jhj « 0.018 Oe.
(c). Surface left in cryostat (coated with silicone fluid) 
at room temperature for 8 days after measurement (b);
A  A* |kQ| “ 0.18 Oe; . ▼ ' V s  |ho| * 0.018 Oe.
Fig. 4.2 (b) q  □ ▲ ▼ * " ' "  *'■
O □ A  V ......
(d). Surface etched with 20fo HE solution after measurement
(c).
o  o  : K !  - °*18 0e; s  □  = I ho| * 0.018 Oe.
(b ). Specimen left in cryostat for one week after measure­
ment (D).
A  A  • * °*18 °®> ▼ V : |ho j * 0.018 Oe.
The Tl^tng^ specimen gave a surface nucleation field of 
( 1,74+0.4 ) K 0 over a considerable number ( about 10 ) of 
measurements with different electropolished surfaces as well as 
with surfaces left at room temperature for different periods of 
time up to two months after electropolishing. One can conclude 
with some confidence that with this alley composition and the 
method of electropolishing employed, the resulting electropolished
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surfaces were stable and the surface nucleation fields were close 
to the value of 1,69 predicted by St. James and de Gennes;
Surface superconductivity was also evident in resitivity tran­
sitions in the specimen Tl-1In001. The surface nucleation field
* 2 • -' 2
H was found to be ( 1*08 + 0.02 ) H in 6 different measurements, c ' — ' c
Some of them were made immediately after electropolishing while
the others were made one week later. The electropolished surface
appeared to be stable. The Ginzburg-Landau parameter for this
alloy composition can be evaluated from the equation ( see Section
1.7 )s H* = 1.69/2 KE and is listed in Table 3 in the previous c c
chapter.
The results can be summed up thus:
1. Freshly electropolished surfaces of high T1 concentration 
specimens ( Tl^In^^> Tl^In^y ) always yielded anomalous 
nucleation fields much higher then the St. James-de Gennes 
value of 1.69 H 0. Actual values differed in each measure-C sL
ment;
2. Etching the surface (Tl^In^) in 20$ HF solution raised
P by
the surface nucleation field in a^jaann^r asAelectro- 
polishing; This is contrary to the generally held idea 
that roughening the surface by whatever means inevitably 
reduces the surface nucleation field.
3i On leaving at room temperature for one week, after the 
surface had been electropolished or etched, the surface
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; /,
nucleation fields were reduced and approached the value
of 1*69 ^c2* specimen surfaces were coated with
silicone fluid and in the case of electropolished surfaces,
no deterioration in surface polish was apparent.
4. A well annealed ( at 130 aC for 46 days ) electropolished
surface of the T l ^ I n ^  specimen yielded a nucleation
field of ^ 1.69
5* The low T1 concentration specimen of Tl^Ing^ yielded a
surface nucleation field of <^1.75 H g To*1 all surfaces,
whether immediately after being electropolished or after
being left at room temperature for a long period; Surfaces
appeared to be stable in this respect.
6. The type I superconductor of Tl-tIn00{ also possessed
surface superconductivity at static fields above E , upc
to the surface nucleation field of 1.08 E « The electro—c
polished surfaces also appeared to be stable with regard 
to nucleation field. The observation of Stout and Guttman 
(1952) of resistivity transitions above Ec in Tl^In^^ and 
T110In90 sPec I^Iiens can explained in terms of surface 
superconductivity. Similar obsevations have been reported 
by Seraphim et al (1962) although their very broad resis­
tivity transition above E of the 6.2$ T1 specimen must 
be due to some other cause.
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4a2.____Surface Nucleation Field Anomaly
Anomalously high surface nucleation fields, similar to those 
observed in the present investigation had also been reported by 
various other experimental groups. Gygax et al (19^4) obtained a 
nucleation field of the order of 4 with a freshly electro­
polished surface and of the order of 3 H „ m t h  an etched surfacec ^
although the specimen (Pb^In^) had been previously well annealed 
and homogenised. On annealing the surface for a long time, the 
surface nucleation field was markedly reduced to within 10$ of
1.7 'E g* Swartz and Hart (1965) also observed a slight reduction 
on surface nucleation field from its high (-^1.8 K^) value on 
annealing, although their initial specimen (fl^Pb^^) had not been 
previously annealed before electropolishing. Cardona and Bosenblum 
(1964) using a microwave technique, obtained values ranging from 
1.4 to 1.9 Hcgr depending on the state of the surface. The lower 
values were associated with the tarnishing of the surface which 
they attributed to preferential oxidation of TI in the Tl^Pb^Q 
specimen. On vacuum heating, they reported a partial restoration 
of the higher value, accompanied by a brightening of the surface.
A low value of 1.2 H  ^had been observed by Bon Mardion et al 
(1964) in one of the specimens they investigated, and they suggested 
that this anomaly might be caused by the roughness of the surface.
The following is an attempt to explain the anomaly which has 
been experienced in this work and that of some others. The basis
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of this explanation is that under non-ideal conditions such as 
markedly different anodic oxidation affinities of the two consti­
tuents of the alloy, a gradient in concentration of the constituents 
was established at the surface* It is also suggested that the 
gradient was in such a sense that the T1 concentration at the 
surface exceeded that of the bulk matrial. Consequently there was 
an increased normal electron scattering as the surface was approached. 
It is thus obvious that the parameter oC in the form of the Ginzburg- 
Landau. equation used by St. James and de Gennes, namely 
£ 2f/£x2- (l/2m)/~ fek - (2e/c)Hx_7^ * -otf 
can no longer be taken as a constant near the surface, but should be
some function of the coordinate x. One can write oc in the form of
■ v
cL (x) *» oCQ + U(x) where o60 is the parameter for the bulk material 
and U(x) is some function of x centred at and localized around x = 0 
(at the surface).
The problem arising from ot not being a constant but varying
1 '
over a short range had been studied by D*R. Tilley of the Mallard 
Besearch Laboratories in the case of the influence of grain bound­
aries on supercooling and nucleation fields in thin films. The author 
of this thesis is most grateful to Mr. Tilley who familarized him 
with his reasoning and who also extended many helpful criticisms 
and suggestions. Following a similar line of reasoning, the 
potential well of St, James and de Gennes near the surface:
Y(x) « (2eH2/mc2)(x - XQ)2 (x> 0)
V(x) * Y(-x) (x <  °)
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should be modified to:
V(x) « (2eH^/mc^)(x «- + F(x) (x >  0)
Y(x) - V(-x) (x <  o);
where F(x) depends on the form of U(x) and is also centred at and 
3o calized around x=0.
In general, the potential well will be deepened by a gradient 
in concentration resulting in more scattering centres at the 
surface, and consequently, the superconducting phase can nucleate 
at a higher field than the St, Janie s—de Gennes value of 1,69 H n«C2
Conversely a gradient in the opposite sense would result in a 
lower nucleation field than 1,69 Hc2
The high nucleation field observed after electropolishing or
etching can be attributed to the building up of a concentration
gradient with more T1 atoms in the surface layer than the bulk,
which on annealing, evened out. The same explanation can be
applied to the closely similar observation of Gygax et al, and
perhaps, also to those of Swartz and Hart, That the low T1
content specimens did not show such anomaly may be a feature of
the el ectropo Hashing solution employed, which might be suitable
for low T1 concentration but not for high T1 concentration;
The observation of Cardona and Bosenblum that the surface
nucleation field was reduced from 1,9 1*^ surface
(of Tl-JPb-«) became tarnished would be expected if, as they 
50 50
suggested, there was a deficiency in T1 atoms at the surface as
a result of perferential oxidation* Furthermore, they observed that 
on vacuum heating, the higher value was partially restored# This 
is again what one would expect if the deficiency in T1 atoms (i.e. 
in scattering centres) was smoothed out in this annealing process.
Hempstead and Kim (1964) also reported that the surface nuclea— 
tion field was found to increase with the amount of cold work 
(rolling of strips of Kb^Ta^) although the bulk properties were 
not affected# It is possible that a gradient of concentration in 
scattering centres also existed in the surface layer of these 
specimens, in the form of physical flaws; which is known to exist 
in, e.g#, drawn copper wires.
It should also be pointed out that whatever this anomalous
surface layer was, it fcould only have a thickness of the order of
(t) or less* For if not, then
(a), by comparing the H ^  versus T curve of the Tl^^In^^
spcimen with those of the ^ l ^ I n ^  and Tl^In^,,
2 2
specimen, it is apparent that a thick In-rich layer 
would have a lower than that of the bulk at the 
same temperature; hence a lower
(b)# Tl- rich surface layer, which is more likely, would,
if thick, be still in the normal state at temperatures
near to T of the bulk. This is due to the sharp c
change in T with composition at these concentrations c
(33$ Tl to 38$ Tl), as shown in Fig. 3-3* A layer of
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normal metal deposited on a superconductor affects 
the boundary condition of the Ginzburg—Landau equation# 
Experiments of Hart and Swartz, and of Hempstead and 
Kim showed that the surface nucleation field was 
greatly reduced on depositing a layer of Cu on the 
surface of the superconductors#
In Fig* 3*2 in the previous chapter, values of at different 
temperatures near Tc are also plotted for the Tl^gln^ specimen, 
the measurements being made immediately after electropolishing.
Zero field transition measurements were also made in the same run 
and the transition region is represented by A l  in the diagram*
It is worth noting that it was very nearly centred at T *
V
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CHAPTER 5
THE SUPERCONDUCTING SURFACE SHEATH —  SURFACE CURRENT
JU C. mutual inductance measurements during resistivity transi­
tions in the static field region <! H will be discussed in
this chapter. The behaviour of the surface sheath when called upon 
to carry current can be understood, to a certain extent, from an 
analysis of the results of these measurements.
5*1. The Surface Current Models
In order to understand the current carrying properties of the 
superconducting surface sheath during transition from the data of >uf 
and ;u", two models had been constructed by Dr. P.R. Doidge and analy­
sed, the implication of which was checked with the experimental 
results.
Model I, The average surface conductivity model;
The basic assumption is that in the static field region
H _ <^  H <  H -, there is a screening or trapping current J per unit 
c2 cj s
length flowing on the surface caused by the small alternating applied 
field h^ =»jho| exp(i60 t). This surface current is taken to be 
sinusoidal and in phase with the induced e«m.f. E on the surface; 
or in other words, with - dh^/dt where lu is the alternating field 
inside the specimen. Two cases arise;
(a). When there exists a critical surface current density
- io6 -
which depends on the static field H* One can assume the amplitude
of J to be equal to J , Then. J m — iJ h./th.| : also s ^ c * a c v I if 9
hQ - iu ** - 4 7TJg /c and /i ** j&% - ija” = k^/h^ ♦
From these three equations, one obtains the following results:
* 1 — xa, yu” = x( 1 — x2')1/2 where x =* 47TJC /c j^ 0| 
and /»"2 = ju! (l -yu').
The last result represents a semi-circle centred at jx* = l/2 when 
yu" =»l/2 has its maximum value.
(b). When no artificial limit is set to the amplitude of 
surface current, but the surface sheath is considered to be an
ideal ohmic skin of thickness d and average conductivity ($* which
' \
varies with the static field H. The e.m.f. on the surface is
E «-iao>h./2c and J =-io"adwh./2cj a being the radius of the 1 s 1
specimen. Writing y « 271(5*'ad CO, one obtains the following
equations: 47TJ = iyh./c,
S X
h0 - *» -4 7T Jg /o » -iyl^/c ,
jo. -/x' - i»n » hi/h0; 
from which the following results follow:
/U» « l/(l + y2) , jl” ® y/(l + y2) and /i”2 = ji* (l -/**)•
The last result is exactly the same as that of Model l(a). The
differences between (a) and 00 are expressed by their variables 
x and y . Where as x » 4TTJc /c|^0| has as surface 
parameter depending on the static field H, the equivalent in the 
variable y is the parameter cr'd, Further, whereas |&0| > the
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amplitude of measuring field appears in x , the frequency of the 
alternating field, in the form of CO appears in y . These differ­
ences are very significant and will he dealt with later.
Model II# The perfect screening model:
The basic assumption of this model is that in the static field
region •< H there exists a critical current density J^
depending on H, such that jh^  — hj ^  /c • other words,
the surface screening (or trapping) current density J cannot
exceed J but could be less# Taking the external field h as c o
h^ «s jh^ J exp(iGot) , the three quantities hQ, lr and Jg are plotted 
against time in Fig# 5*1* The wave form of fcu can be expressed as:
(i) bu = jho| — 471^ /c from t =* 0
until Jho| cos Gs)t «* |hQJ - 87Tdc /c
(ii) h^ * jhQJ cosCjat +■ ^ 7 T /c from
t - (l/0))cos’"1( 1 - 8 ^ J c /c|ho|) to t ~7T/co 
(ut) h± « -|ho| + 47TJc /c from t « /cp
until jhQJ oosCOt « -jhj* 87TJC /c 
(iv) h^ =j hQJ cosfcot - 47]*Jc /c from
t « (l/(0)cos“1(-l.+ 87TJc A|ho|) to t = 27l/CO.
This wave form was analysed in terms of a Fourier series:
hi/|ho| * 2 *  ancos nd> + XI ^ nsin n8 » f(o) 8 =Cot.
But since the detector is tuned to the fundamental frequency, only
the n m 1 terms are relevant. The apparent complex permeability
CL
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j\ = ;ur ~ ija." is directly given by /l1** a^ and/iM* b^„ The result of 
the analysis gives:
^ufa» (sin^fcos $ +7T - i0/7T where cospf = 1 - 2x, x being 
equal to 47TJC /cjh^j , and ^ u” « 4x(l — x)/jf •
As x varies from 0 to OO, /i* changes monotonously from 1 to zero
. . e
while increases from zero to a maximum and then decreases to
zero* This maximum occurs when x * l/2 and/i* « i/2, with
i.e. 4TTJ /c - |ho{/2 at reactance plot of ^ i* <.
against is shown in Fig* 5*2* together with that of the previous
models*
The variable x * 4JFJc /c |hQj is identical with the one in
Model l(a), and has no frequency dependence, which is the basic
weakness of this model*
From the physical point of view, the last model is more logical. 
This is what one would expect in the case of a thin walled tube of 
’hard" superconductor in a changing field. The experiment of Kim 
et al (1962, 63) was carried out on a similar basis.
3.2. Some Experimental Observations
Experimental results (e.g. those shown in Fig. 4*l) showed that 
in general,yu* decreased monotonously from a value slightly less 
than unity in the normal state to zero, while/x1 rose from a small 
value in the normal state, passed through a maximum, and then 
decreased to zero, when the static field is lowered from
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This is roughly what the two models predict if the surface parameter
r
J or (T-'d, whichever is appropiate, in the two models increased from C A
zero at when H is lowered, Eeactance plot of /if and ^ u1 for some 
measurements are shown in Fig. 5»2. (a) & (b), together with that 
calculated from the two models. In this respect, experimental 
results are closer to Model II, apparently irrespective of the 
nature of the surfaces, whether stable or showing anomalous miclca­
tion fields. Large higher harmonics were also detected, but with 
the present experimental set up, it was not possible to measure 
them. This is consi stent with Model II* Yet it must be pointed 
out that neither model fits any measurement exactly. They are 
idealized and at best serve as a guide as to what might be happening. 
The effect of the amplitude of mea^surjfng field |hQ| on the 
transition has been thoroughly studied. The following facts are 
known:
1* Increase in [h | causes the transition to occur over a
lower static field region, although the field of on-set
of transition, H does not seem to be altered, but may c3
be difficult to determined in the case of large |hQJ.
This last point is obvious in Fig, 4.2, shewing results 
of transition measurements using two different values
of lh0i
2. Increase in jho| broadens the transition.
3. The height of the varies with JhQ| as shown 
in Fig. 5*3*
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An empirical formula^ was found, for a freshly electropolished
surface (having a large nucleation field) of the Tl^gln^ specimen,
in the form of: ju" = c/~" 1 — exp(-xm/x ) 7 where c, m, and xy max *- 0 /—/ > » 0
are constants* This equation seams to suit 3 different series of 
measurements all carried out in the same run, with each having a 
different frequency of measuring field, m and x^ have the same 
value throughout while c changes slightly with frequency. However, 
this equation was found to he unsuitable for any surface of the 
Tlj^Ing^ specimen. No further attempt was made in this matter. 
Measurements were made to determine the static field
H H 7 „/ \ at which the maximum in n ” occurs as a function of the■*- —*;uM^max) a
amplitude of the measuring fjSteld jh^ J , by keeping the temperature 
c
and frequent constant. Some of the results were shown in Fig. 5*4.
Doidge (1956) and Bon Mardion et al(1964) reported that in resistivity
transitions, using D.C* potentiometric measurements, the transport
1/3
current density g was related to the static field H by^KoCg 7 at the
same resistance ratio r^= &/&n> 6eing the resistance in the normal 
state. This relationship can be compared with the model used by 
Druyvesteyn and Volger(l964) in which the transport current J 
consists of two parts: J « J + J, . J flows on the surface and8 D d
is the same as the critical surface current, while flows through 
the normal material of the bulk and is given by the ohmic relation­
ship V « ^ being the measured voltage.
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Since it is taken that V ** BJ, it follows that J,q/J = E/ft » ,
or jq/j « i ~r\ , so that at the same resistance ratio of X\ >
r e l a t i o n o C J ^ 3 leads toH-H o£J Or writing in terms ofs
current density;^-H c6 ' , Bearing this kind of relationship in1/3.c
mind, a relationship between an(* | ^ 0| (which is equiva­
lent to J according to Model II and Model l(a) ) in the form of c
c!hol ~ ^o *" ^~^‘-^u*,(niax) was tried, where c and are some
constants. Different values of m have been tried and some results
0‘4“ •—
are plotted as jhQj versus / ~ H in Fig. 5«5 (a),(b),(c) and 
(d). Extrapolation to {kQj =» 0 gives a reasonably good estimate of 
Hq which, for all practical purposes, can be taken as the surface 
nucleation field Hc3
When/in has its maximum value, the critical surface current J
is related to Jk0j by /c |hQ j » 1//2 i.e. jh^ J » 4/IT7TJc/c
in Model l(a) or ^7TJC A  ^ J  * i/2f i*e* J^ 0j ** ® 7TJC /c in
Model II. In both cases, a plot of jh^ j versus would
be equivalent to a plot of J , in units of k/2%/c or 8 Tr/cc
according to whichever model one adopts, versus the static field H,
for Hc2 ^ H <1 • The numerical difference between the two models
in this respect is not large. 
i
A.C. potent^ometric measurements also showed a marked dependence 
of the resistivity transition on transport current amplitude. The 
on-set of transition did not differ from that of the mutual induc­
tance measurement under the same conditions. No appreciable
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dependence of transition on frequency of measuring field was 
observed* This is in contrast with the marked dependence of 
transition on frequency of measuring field observed in mutual 
inductance measurements* This will be dealt with in later sections*
5*3* A Consideration of the Amplitude Effect
A further comparison between the experimental results and 
Model II is given below*
The transition of the T l ^ I n ^  specimen with a well annealed 
surface was taken for comparison. The transition took place at a 
temperature of 3*051 °K (t ■* 0.955), the frequency of the measuring 
field being 678 cps. The specimen was electropolished and then 
vacuum annealed at 130 °C for 46 days before the measurement.
Only the changes i n n 1* were considerd and these were represented 
by the two curves Nos* 2 ( —  4 ( — □ — »), corresponding
to measuring field amplitude of 0.18 and 0*018 Oe respectively, 
in Fig* 4*2 (a) shown in Section 4*1 in connection with anomalous 
surface nucleation fields. Two pairs of points are taken for 
comparison:
1* at H/H 0 *= 1*375 when ** 0*306 and^ u'* * 0*086, theCa ^ . , D
suffixes a and b refering to |^0| **0.018 and jk^j =* 0*18 Oe 
respectively.
For Model II, jnn * 4x(i — x)/^p «
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Thus x ( 1 - x ) = 0.240 , x = 0*4a' a7 7 a
x^(l - x^) a 0.0678, x^ « 0.07
and  ^ which can he compared with the ratio JhQ|^/{ho|a
equal to 10 that would be expected from this model (x a /cjh^j)
2; at H/Hc2 a 1,2 when /U.'!a = 0.30 and = 0214.
Thus x (1 ~ x ) a 0i236 , x a 0.62 ft & a
X^(l — X^) a 0.110 , Xfe a 0.088
and xa/xk ** 7 which also compares with the ratio 10.
Remembering that Model l(b) (ohmic sheath model) did not predict
any dependence on the amplitude of measuring field {&0j, this
analysis is a justification of the adoption of a critical current
density J in this model, c
a
Further, a discrepancy would be expected from the finite contri­
bution of the eddy current dissipation in the normal metal both 
to & andjtt’^ . However, since this contribution is
proportionally larger in than in J0- " T h e  result is that the 
ratio x /x^  is reduced. Since & and^u1^  are smaller in case (2) 
than in case (i), eddy current dissipation in the interior of the 
normal bulk would also be smaller in case (2). The reduction in the 
xa/*k ratio due to this cause would be smaller in case (2) than in 
case (l), as in factAthe case.
Similar analysis using the /l* values gives closely similar 
results. Ga the other hand, if Model l(a) is adopted for the same 
analysis, the ratio (x ** ^ 7TJc/c jho|) calculated from
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experimental data is much smaller, and hence compares very badly 
with the ratio |hoJ^/|hQ expected from the model. Analysis of 
the data obtained from a stable surface of the Tl^Ingg specimen, 
which had been left for over two months after electropolishing, gives 
results which resemble very closely those mentioned above*
When, hov/ever, thevu" values of the freshly electropolished 
surface of the T l ^ I n ^  specimen (denoted by the two curves Nos. 6 
—  X —  an{* 8 — ^ —  *-n Fig. 4.2(a) ) are analysed on the basis of 
Model II, the following results are obtained:
V * b  - 4*5 at H/Hc2 “ U1
and xa^xb “ H/^ c2 ** *
which compare badly with the ratio of 10, and the trend of the change 
in with the static field is also in the opposite direction as
the previous case; Furthermore, whereas for the well annealed 
surface 0;346 which can be compared with the predicted value
of l/7T from Model II, the electropolished surface yielded a much 
higher value. It can therefore be said that with the freshly 
electropolished surface, Model II does not apply at all. The surface 
current density Jg at a constant static field H, which is written as 
tfc and taken as independent of [hj in Model II, appears to increase 
with |ho( . This is also found to happen with a freshly electro- 
polished surface of the Ti^gln^^ specimen*
Similar comparison using the /li! data from the etched surface of 
the Tl^In^y specimen (denoted by curves Nos. 2 and 4 in Fig 4.2 (b))
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gives a ratio of * 2.4 at h/h &2 = 1;8 and also at ** 1^68.
This ratio is found to decrease when H is further reduced. These
again do not agree with Model II at all.
The critical surface current density J , defined in variousc
forms, has been studied by various experimental groups. The result
of Drayvesteyn and Volger (1964) whose method of analysis was
described in the previous section, does not show any dependence of
the surface current density on the magnitude of transport current
used, which ranged from 1 mA to 3 amp. Thus at each value of static
field H, there is one single-valued surface current density which
can be taken as the critical surface current density J • Their i c
specimen (and surface) had been previously annealed at 50 °C below 
its melting point for 14 days, and the reported surface nucleation 
field did not deviate much from 1;69 &C2*
When the same analysis is applied to the resistivity transition 
results reported by Gygax et al (1964), whose measurements were 
made with an unstable surface showing an anomalously high nucleation 
field, one gets quite a different picture. In general, at a fixed 
static field H, the surface current density increases with the 
transport current used. For example, at a static field of 1100 Oe 
( H/e - « 0;88 ), the surface current density increases from 1;87 
mA/cm to 42.5 mA/cm when the transport current is raised from 
1.36 mA to 3amp. Similarly, at a static field of 1000 Oe 
( E/Ec2 = 0.8 ), the same change in transport current causes the
- 123 -
surface current density to rise from 4 mA/cm to 142 mA/cm,
Further discussion of the results of these two groups will be 
given in a later section. For the time being, it need only be 
pointed out that this difference in surface current properties 
between a stable and normal surface and one which is unstable and 
which yields anomalous nucleation fields is consistent with the 
observation and analysis of the present work,
5,4, Frequency Effect
The effect of the frequency of the measuring field* f - 0)/2TT,
on the transition has been studied in some specimens. It was found
that increase in f caused the transition to occur over a higher
static field region, The on-set of transition did not seem to be
altered except in cases where t *■ T/T approached unity. This iso
illustrated by the extrapolations of the versus
curves at 3 different values of t for the same specimen of Tl^In^, 
as shown in Fig,5*5 (*>,(»> and (d), A series of measurements was 
also made with the Tl^gln^ specimen having a freshly electro­
polished* and hence anomalous surface, in which the static field
/~H 7 \ at which the n" peak occurred were measured as aL- —yu” (max) s max r
function of the frequency f, Jho j and the temperature being kept
constant. It was found that increases with frequency,
and the result can roughly be expressed in the form of
II 7 v — H = Bf*^ where H and B are some constants;*- -^"(max) © o
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This is shown in Fig* 5*6* It was also found that the u n value* max
increased from 0.35 to 0*4 when the frequency was raised from 23 
to 1275 cps.
It has been pointed out previously that neither Model l(a) nor 
Model II gives any frequency dependence while Model i(b) does«i On 
the other hand, both from the purely physical point of view as well 
as from comparison with experimental observation, the inadequacy of 
Model l(b) is obvious. Since Model II is by far the most promising 
one, the following discussion is given as to a possible way by 
which frequency dependence cah be introduced into this model*
One is reminded of the experiments of Kim, Hempstead and Strnad 
(1962, 63) on the flux penetration (and leakage) through the thin 
wall of a tube of type II superconductor, and the subsequent flux 
creep model Anderson (1962, 64) constructed to explain their 
results; One important outcome of these investigations, together 
with Anderson's theory, is that flux lines ’’take timen to cross 
the superconducting tube. This has been discussed in the first 
chapter. If this also happened in the case of magnetic flux 
crossing the superconducting sheath, then the basic assumption of 
Model II, i.e. jhQ — h^J<4 7TJc /c , where depends only on the 
static field H, must be modified to
jho - A  - + f(t)jyc
where J , as before depends only on H and f(t) is some complicated 
0
periodic function of time. It is not contemplated at the present
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moment to suggest any mechanism for such a ’time lag” between the
two magnetic fields inside and outside the surface sheath; rather,
the consequence is considered. The function f(t) is hound to he
very complicated, and only the case where both J as well as f(t)o
are small compared with cjhQ| is considered. Over most of that 
part of the cycle when hQ and h^ are changing, one would expect
some sort of equilibrium to be established between the two fields
and so that jh^  - h^|* 4")T<jP /c is a constant, independent
of time, Further, over most of that part of the cycle when bu
remains constant, one would again expect J* to remain unchanged,c
Thus the wave form of h^ does not differ much from that considered 
in Model II, The only deviation occurs when h^ begins to change 
from its extreme value and also when it approaches this value.
This new form of tu is shown (marked as h|) in Fig, in Section
5*1* Neglecting this small deviation, one can replace f(t) by g, 
which is a constant for a particular frequency* The same mathe­
matical analysis used in Model II would apply and the same result 
would be obtained, except that J in Model II is replaced byC
J* m Jc +• g and x by xr * 4TJ* /cjh^j « 4 7?(Jc + gJ/cjh^J.
So far, the discussion has been limited to one particular 
frequency# If the frequency is increased, it is obvious that g 
would increase also, since the Mtime lagtr contribution would 
increase with frequency. Hence g should be written as a function 
of frequency: g((X))j and parameter xf becomes: 
x* = 47T/“Jc + g(w)_7/c|ho| .
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The resistivity transition is now represented by the parameter 
x* increasing from a small value in the normal state towards 
infinity, when the static field is decreased from When the
Occurs,^ max *
x< - 4ir/“Jc + g(w)_7/c lho\ - 1/2.
An increase in frequency, hence in g(U3) must be compensated by 
a smaller Jc* Thus this peak is shifted to a higher static field 
where J is smaller, so that the sum J + £((a)) remains unchanged,C O
This tendency has been observed, as discussed previously*
5»5» Abrikosov1s Calculation
Recently, Abrikosov (19&4) considered the problem of surface
superconductivity in some detail* especially with regard to the
problem of the nucleation of the superconducting phase on the
surface of bulky specimens at temperatures well below T , and* c
also to the problem of the critical current density which the 
surface superconducting sheath can carry at different static 
fields H, Hc2 < H < Only the latter problem is relevant to
the present work, and will be discussed. He found the following 
simple relation between and H, for H near to
Jc - (5HC /3/37r)(l - h/hc3)3/2/(i - 0.156/ K 2) amp/cm 
where H is the thermodynamic critical field and K the Ginzburg—O
Landau parameter of the bulk material* Thus, at a constant 
temperature, DC ( H^ — or — ®)*'
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The plot of |h versus /~H 7 \ was shown for the stable1 ol ~yja"vmax;
surfaces of the Tl^Ing^ specimen in Fig. 5*5 (b),(c) and (d),
0*4which can be taken as a plot of versus H as has been explained
3Fbefore* In general, for H well below a staight line is
obtained* But near to a plot of versus
is found to be linear. As far as this is concerned, it agrees 
fairly well with Abrikosov*s calculation*
The actual magnitude of calculated from Abrikosov*s equation 
is compared with one of the experimental points, denoted by P in 
Fig* 5*5 (<3.)* The point chosen is at a static field of 0*956 HCj
which is near enough to E ^  Abrikosov’s approximation to be
valid* The other parameters are: jh^ j = 0*018 Oe, frequency of
measuring field « 638 cps^ and reduced temperature t = 0*885*
Assuming that Model II is valid, - 8 7r/c jh^ j ** 7*3 x 10*~^  amp/cm*
According to Abrikosov’s equation, J should be equal to 0*55 amp/cmc
(with &  - l//2 aa<l E » 52.1 0e); The discrepancy is a factor ofc
about 70* Although only one experimental point is taken for 
comparison here, similar checks on othhr points of other measure­
ments all give a similar order of magnitude discrepancy*
It is natural to look at the results of other experimental 
groups which have been published, and three comparisons are made 
between these results and those calculated from Abrikosov’s 
equation*
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(1) Besuits of Gygax, Olsen and Kropschot (1964);
Specimen : Pb^Tl^, 1*35 mm in diameter.
Measurement made at T = 1*45 °K, when E * 330 Oe, E „ « 1250 Oe,
C Cy
K. = 1- The resistivity transition with measuring current 1.36 mA
is taken for comparison. The transition came to an end (b/e .^ = 0)
at rv/ 1020 Oe. It is assumed that at this magnetic field, the 
transport current is equal to the critical surface current. Thus 
the surface critical current density can he calculated and is 
found to he 3*2 x 10 amp/cm* This can be compared with the 
value calculated from Abrikosov’s equation of 16.8 amp/cm. The 
latter value is about 5000 times greater than the former. A similar 
comparison with a transition having a transport current of 13.4 mA 
results in a discrepancy by a factor of 900.
(2) Results of Druyvesteyn and Volger (1964).
Spcimen 2 In^ ^Pb^ £ » 0;3 mm ia diameter.
A measurement was made with transport current parallel to H, at
4.2 °K, when Hc*543 0e (calculated from values of K ,
H - m 2600 0e, and K ** 1;88. The critical surface
c3 ’
current was evaluated by them in a way described in Section 5*2. 
Taking the point when the surface critical current is 10 mA, at a 
magnetic field of 2200 Oe, the surface current density is 0;1 amp 
per cm. This can be compared with the value of 10 amp/cm calcu­
lated from Abrikosov1s equation. Again, the latter value is 100 
times that of the former.
Ec3/Hc2 Siven)»
- 130 -
(3) Besuits of Swartz and Hart (l96f>)
Specimen : Tl^Pb^ ,annealed strip of 0*635 x 0.008 cm cross-
section.
A measurement was made at 4*2 °K. when E «, = 1810 Oe and
' c3
Hc2 ** 1030 Oe. Livingston (1962) gave * 2, hence K « /2,
for a specimen of Th^ 2 can taken as that for "the
specimen under consideration. The critical surface current 
was defined as the transport current used just before a small 
voltage drop of 1.4 jiV/cm across two voltage leads on the strip 
was detected. The experimental point with I = 0.16 amp was taken, 
equivalent to a critical surface current density of 0.13 amp/cm. 
This can be compared with the Atfikosov*s value of 33 amp/cm. Once 
again, the latter value is about 260 times that of the former.
Prom the above comparisons, it is fairly obvious that the 
calculation of Abrikosov gives a very high critical surface current 
density which is not borne out by experiments. Experimental 
results are, in general, of the order of a few hundred times 
smaller.
Abrikosov also pointed out that from the energy point of view, 
the superconducting sheath should not be able to sustain a persis­
tent screening or trapping current which would maintain a permanant 
difference in magnetic fields between the inside and the outside of 
the sheath. If the energy is measured from the normal state, then 
a positive increment to it appears, proportional to the volume of
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the sample: J(H — dV/87T where E and are the fields
inside and outside the sheath respectively. At the same time, the 
change of electron state occurs only near the surface, so that the 
associated decrease in energy is proportional to the surface area. 
Thus a difference in field inside and outside the sheath is ener­
getically unfavourable, the more so for bulky specimens.
The change in ja.1 and ^u" during transition can only be explained
by the existence of a difference in fields between the inside and
the outside of the specimen; the amplitude of this difference
changes during the transition* This implies that a screening (or
trapping) current must exist, but in view of the objection of
Abrikosov to ’persistent” current, it might be expected to decay
away if, after it has been induced, the external field is kept
constants Perhaps in some way* the surface sheath acts as a
barrier which hinders the movement of flux lines across it and is
thus capable of sustaining a difference in fields between the
inside and outside. One would think of an entirely ohmic sheath
which is the basis of Model l(b) described previously; a current
flowing round such a sheath decays exponentially. But experimental
results do not support this model. On the other hand, the
apparently more suitable Model II requires the existence of a
’’persistent” surface critical current density Jc, and this is open
to objection. Perhaps the actual situation is somewhere between
the two extremes. In that case, one can anticipate a freqency
A
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dependence under alternating field conditions, which Model XI does 
not account for.
There is no apparent marked anisotropy in surface current 
carrying capability, whether the current flows along the specimen 
parallel to the static field as in the case of A.€. potentiometric 
measurements or peripherally in a direction perpendicular to the 
static field as in the ca.se of A.C. mutual inductance measurements, 
Isotropy is in accordance with Abrikosov’s calculation.
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CHAPTER 6
THE MIXED STATE 
eThe many possible dissipative mechanisms, such as are caused by 
viscous flow of flux lines and by surface currents, which are 
believed to be operative in the mixed state of a type II supercon­
ductor, may or may not play a substantial part at the same time in 
an actual measurement. Various kinds of measurements have been 
made in the mixed stage of type II superconductors (Tl^gln^,
3> 67
of the type I superconductor of Tl^^In^ and the results 
analysed in an attempt to find out what role each of these mechan­
isms played. Unfortunately, it must be admitted that only a 
limited understanding has been achieved as a result of this inves­
tigation. Nevertheless, a number of interesting features have 
been observed in the transitions in the mixed (and intermediate) 
statei These will be presented andj whereever possible, discussed 
in this chapter.
6.1. The Surface Current
That 4 surface layer capable of carrying a current of different
extft
density to the rest of the bulk seems to apply also in the mixed 
state* In the controlled experiments reported in Chapter k in 
which the effect of treatment of surface on the nucleation
and Tl^In^) and also in the supposed intermediate state
field was studied, the results also revealed marked differences in 
the values of ,uf and ;u” below H Q for different surface conditionsC *2
of the same specimen. These differences are clearly shown, for 
0i9Hc2<  K < Hc2, in Fig. 4.2 (a).
It has also been observed on many occasions that transitions 
which proceeded and had a (/u-,linax peak occurring above were 
shifted into the mixed state by raising the amplitude of the meas­
uring field [hQ| • Fig* 6*1 is an example* Although there is a 
discontinuity in slope at H Q, it is fair to say that the surfaceCm
current is still operative below H Q*0 6
Surface current mechanisms operating in the mixed state have 
been reported by Swartz and Hart (1965) who interpret^ed their 
results by suggesting a surface mechanism quite distinct from, and 
in addition to that of St. James — de Gennes. On the other hand, 
Bellau, Morton and Park (1965) obtained results which suggested 
that the St* James - de Gennes sheath exists in the mixed state 
and is mainly responsible for carrying the transport current*
6*2. Apparent Paramagnetism
The positive slope of the magnetisation curve in the mixed state of 
a type II superconductor indicates that there might be an apparent 
paramagnetic factor contributing to the ^ u* and yU** values measured 
if the state of the specimen follows the magnetisation curve almost 
reversibly. This has caused, on many occasions, the values of » ’
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and jol* to exceed unity* Fig. 6.2 shows two transitions in decreasing 
static field H of the Ti^glngg specimen ( the surface had been left, 
after electropolishing, for one week at room temperature)* The low 
frequency transition possesses a peak in /i* just below which
slightly exceeds unity* In this case, the incremental permeability 
for reversible changes at zero frequency, which can be calculated 
from the slope of the magnetisation curve, is small (^1.3). Thus 
the peak is small and it exceeds unity only because the screening 
effect of the surface sheath was not large* A similar measurement, 
also shown in Fig. 6.2, made in the same run but at high frequency 
revealed no such peak in /i!, but instead only a change in slope at 
The surface screening effect is obviously much larger at this 
frequency than before and may account for this difference. Another 
similar measurement, carried out in the same run and at the same low 
frequency but with increasing static field, is shown in Fig. 6.3* to 
a different scale. At a static field region near a second pair
of peaks in /ir and /in appeared. At this end of the transition, the 
screening effect of the surface sheath as well as the bulk must be 
very large. But at the same time, the magnetisation curve had a 
very sharp drop at E , corresponding to a very large positive slope.C X
Consequently, is large in this region, and. may cause the peak in 
u^* and yUn to appear in the measurement. In decreasing field, the 
magnetisation curve varies smoothly throughout and no large value of 
^  is expected.
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In the case of the T l ^ I n ^  specimen, the mixed state is narrow 
and the positive slope of the magnetisation curve large* yiu is of 
the order of 10, and large values of ju1 and p.n would he expected. 
Pig. 6.4 shows transitions in this specimen, using different values 
of jhj * Using large jhQ|, large peaks in ja.1 and ;uw, far exceeding 
unity* occurred in the mixed state. These peaks are substantially 
reduced on decreasing |hj and eventually disappear altogether when 
the screening current density in the surface layer (or region) is 
large enough to screen off completely the small variation in the 
external field.
6*3. Transitions in the Tl^  ^specimen
The magnetic transition in the type I superconductor of
Tl^ 5 *s skarPJ nevertheless it occurred over a small region
of magnetic field AE which is of the order of 2$ of H • An inter-c c
mediate state can be considered to exist in this region. The 
setting up of an intermediate state may be caused by the de-magnet­
isation effect either due to the finite diameter to length ratio of 
the specimen or to a misalignment of the axis of the specimen with 
respect to the external field, or perhaps to both. In this region, 
is very large (of the order of 50). A.C. mutual inductance 
measurements would be expected to yield very large values of ;uf and 
yUrt in the intermediate state. This has in fact been observed* It 
has not been possible to carry out detailed measurements owing to
-  140 -
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the rapid change in,u* a n d c o n f i n e d  to this narrow region.
Nevertheless it was found possible to measure the maximum values of
the large ;u* and jut peaks occurring there. They are found to be
strongly dependent on the amplitude of the measuring field and its
frequency. In Fig. 6.5, the u* and nn values are plottedmax max
r
against the frequency of the measuing field f for two different
A
values of amplitude of field ]b0 [. At the low frequency end, they
rise rapidly and values greater than 5 have been observed* Of
considerable interest is the fact that y&nmaa; is everywhere larger
than especially at the high frequency end when is
^nearly twice u* . This is an unusual result. There is also no 1 J max
apparent frequency dependence of the static field Z"Xj^DLi{max  ^ or
"(max) which the ^ Xmax an<* /tBmax peaks occur. The /n r and
/a.n maxima appear to occur simultaneously.
The n* and u M versus f curves are consistently lowered by ' max ' max * *
reducing the temperature, but they retain the general frequency 
dependence. In Fig. 6.5, one pair of these curves obtained at a 
lower temperature than the rest is also shown.
Finally, the specimen was deformed, although by accident rather 
than by design. It was heavily bent and subsequently straightened 
by rolling and stretching a few percent. The ;uf and ;u11 peaks were 
then measured as a function of frequency as before. They wer© 
almost reduced to nothing, but it should be stressed that they did 
exist. Only a small increase was observed near the low frequency
XDUS 
, 
XDES
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Figure 6.5. Transitions in intermediate State(TI In^,) 
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end. This pair of curves is also shown in Fig. 6.5*
The meaning of all these observations will be discussed in a 
later section.
6;4. Transitions in a Broad Mixed State
A frequency dependence of the transition is shown in Fig. 6.2 in
the specimen Tl^gln^* which has a broad mixed state and a low
value of ;u^ . The two transition measurements were made in the same
run and differed only in frequency, other parameters being the same.
0It is obvious that increase in frequency shifts the transition to a 
higher field region. At the same time, the value increased
 ^slightly with frequency. These tendencies are similar to those 
observed for transitions occurring above H 0 and described inC<s
Section 5*5*
Increase in the amplitude of the measuring field shifts the 
transition to a lower static field region while at the same time 
increases the /x" value slightly. These tendencies are, again, 
similar to those observed for transitions occurring above as
has been described in Spction 5*2, but of a much lesser extent. In 
Fig. 5*5 (a), the |h 1°** versus curve also showed• O I y
some results immediately below
6.5. Irreversibility in Transition
Irreversibility in transition, according to whether the static
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field is rising or decreasing has been described in the case of the 
Tl^gln^g specimen. It has also been observed in the T l ^ I n ^  
spcimen and is shown in Fig. 6 .6 (a) and 0 »). Fig. (a) is the 
transition using a very small amplitude of measuring field and the 
irreversibility is extreme. On increasing the static field, both 
juf and ju" remain zero until is reached when both jump abruptly
to join the transition curves in the surface superconductivity 
region above On decreasing the static field, both ;uf and
drop to zero abruptly at Similar irreversibilities are also
observed using larger measuring field, but not to such an extreme 
\ extent as shown in Fig.(b).
6.6. The Physical Aspect
The viscous flow of magnetic flux lines in the mixed state of a
type II superconductor (and in the intermediate state of a type I
superconductor) has been considered by Volger et al, as described
in Section 1.6* They concluded that the dissipative mechanism of
viscous flow can be described by assigning an ohmic resistance to
the mixed state of the superconductor: ^==(pnB/iy)sin^0 where
B, E0- and Q have been previously defined. When the external field
H is decreased from H t o  b/h^ changes from 1 to 0,
/ . 2consequently p changes from p to 0 (sin 0 ** 1 in the present 
measurement). Thus the superconductor can be considered a3 an 
ohmic conductor whose conductivity CT increases monotonously from
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Figure 6.6. Irreversible Transitions
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a finite value (jl at H D to oo at E ., This basic assumption is used
«  C* Cl
in thenaverage conductivity model” of Maxwell and Strongin (1962) in 
connection with their A.C. mutual inductance measurements carried 
out at zero field when CT" increases with decreasing temperature.
The apparent permeability ,u =* p.* — i /u ” of the specimen can be 
expressed in terms of the variable x = a/4 IT CT to, in the form:
- (2b1A bo^ cos^ i  ~ p0-7r'/'4)
/U" - (2b1/xbo)ain(p1 - po -7T/4)
where the b*s and pfs are generated by the Bessel function
Jn( -A*) = bn exp(i p ) and are in the notation used by Jahnke, 
Emde and Losch (i960).
"V While Maxwell and Strongin dealt with "non-magnetic" specimens
in a purely eddy current problem, a surperconductor in the mixed 
(or intermediate) state is apparently paramagnetic. The above 
expressions are now those for p ' fp^  and/i'/u^,, where ^ i,and/ttn are 
the measured components of permeability and ju^  is the incremental 
permeability for reversible changes at zero frequency. p f/p^  and 
p n/p^  are plotted as functions of x in Fig. 6.7 while the 
reactance plot of p*fp^  versus/i’/u^ is also shown in Fig. 6.8.
It should be pointed out that the above is true not only for the 
viscous flow mechanism, but also for any other dissipative mechanism 
having an ohmic nature.
The modification of this purely ohmic picture by including a 
surface current dissipative mechanism is very complex. In general,
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for the same value of x = a /47TC*00, ,u* would be smaller with the 
surface current operating than without* This also applies to ju" 
when x is large and n* and u n approach zero. The reactance plot 
will probably lie above the ohmic one, i;e; for the same amount of 
penetration of flux (n*)* the dissix^ation (.un) is larger when the 
surface dissipation mechanism is operative in addition.
6*7. Discussion — The Intermediate State
The result obtained with the Tl- rI&oo « specimen, which is
/ * j j
shown in Fig* 6.5, will be discussed in terms of the ohmic model 
first* Just above surface superconductivity is operative and
/u r and ja" have some v a l u e a n d w h i c h  in any case are less 
than 1 and 0*5 respectively and are comparatively small. As the 
transition enters the intermediate state, the problem becomes very 
complicated* If the bulk is paramagnetic but non-conducting, then 
the values of /l1 and jan in this region would be/i* g • an<*
jin2 so that/l*g Z/1! “V 11*! The^u* and
ja." versus H would experience a Ipigk jump at Kc (or rather the upper 
end of the intermediate state) by a factor of the order of^ju*
Since the bulk is highly conducting, this jump in^u* and/11 would 
be expected to be much reduced. To simplify the discussion, it is 
assumed unrealistically that Gnce the transition enters the
intermediate state, the conductivity CT* becomes very large and the 
purely ohmic model takes over; the surface effect is neglected;
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Farther, it is assumed that the change in cr over most of the 
intermediate state is small compared with the abrupt jump to oo at 
one edge of the intermediate state and to cr at the other, so that
a
O'" in this region can be represented by a constant cr^ . Corresponding 
to this is a value x& * a Jk 77 CTaG5 f°z* the parameter x in th8 ohmic 
model. This is marked, quite arbitrary in Fig. 6 .7 with the corres­
ponding values of ja1 /p.. and n” /p.. Since 0" is taken to bes 1 s i  a
large, x^ is taken as large and /*"a / P  ^to be over the maximum value
0*38. Thus when H is lowered from a high value and the transition
passes through the intermediate state, the p'[p  ^and pn fp^  curves
jump from a very small value p* ^  and p n^ f p^ to a fairly large
 ^ value of P x a / P  ^ an(* / P± respectively and then drop rapidly
to zero when the perfect superconducting state is reached. These
juf and p” values appear as u* and ,un in the measurement J a ' a  . J max * max
described in Section 6.4*
The dependence of these peak values on jho| can be seen as a 
dependence of CT on jhQJ• The higher is [ho| , the smaller are
°a>
and hence x^, and the larger are p % / p  ^ and yO"a / p^» Similarly 
the temperature dependence can be seen as an increase in when the 
temperature is lowered. When both jhj and temperature are kept 
constant can be considered as constant and the frequency depen­
dence can also be explained, since frequency also enters into the 
parameter x in the form of yfod• The higher the frequency, the 
larger is x and the smaller are p l and . That there was no
apparent frequency dependence of (m9kX) and (m&x) * an^
that the jx* and ,u" peaks occur simultaneously, is also in accordance 
with this picture. It may he objected that for ^ n’/ju. and /s."/ jvl. to
* X X
arrive at the values jbl* /ja. and ;un /ja., they should at some stagesa 1 a 1
pass through even higher values of 1 and 0*38 respectively. This 
may be so theoretically, but in actual measurement, these changes 
are so abrupt and there are so many small fluctuations in temper­
ature as well as magnetic field that these large values in /U* and 
jav become very transient and have never been observed, the time 
constant of the bridge — detector circuit being fairly large.
The fact that the /i” peaks are always larger than the corres-
BldX
ponding . peaks is an indication that the ohmic model ismax
inadequate, since in this model, /a1 is always larger than^u" and 
the r a t i o a p p r o a c h e s  unity only at the superconducting end 
(x —> oo ) as shown in Fig. 6.7 and 6,8. It has been mentioned in 
the previous section that when surface current dissipation is in- 
coporated into the ohmic model, ;u” becomes larger than before for 
the same value of /u* and when x becomes very large, /l" can in
fact be larger than/i’J The ratio increases with x but
approaches a constant ratio as x co. This tendency has been 
observed and is obvious in Fig. 6.5* Furthermore, if a critical 
current density Jc is assigned to the surface in the intermediate 
state, part of the alternating field hQ is screened from the bulk
by the surface current. This amounts to x m 4 7TJ /clh I .
If JhQ| is raised, x becomes smaller, the surface screening becomes 
proportionately less important, or in other words, flux penetration 
is proportionately larger. At the superconducting end of the tran­
sition ( yU* > 0, *-> 0), this leadsto larger values of ,uf and
Also the ratio j&"/u* is reduced, since the purely ohmic model is 
approached as [hQj is increased. These tendencies are also illus­
trated in Fig. 6.5. The dependence on JhQ| of the jol* and y u ” peaks 
has been previously discussed and attributed to a change in conduc­
tivity cra of the intermediate state with jh^j. This would represent 
a very non-ohmic feature of the bulk.
Finally, the effect of deformation on the transition in the 
intermediate state can be explained either by a large increase in
the surface critical current density J or by a large increase in the0
the bulk conductivity, probably due to the setting up of a kind of 
Mendelssohn sponge.
The above discussion can be applied to the narrow mixed state 
of the Tlj^Ing^ specimen. The kind of dependence of the transition 
on JhQj as shown in Fig. 6.4 may be a surface current effect or
perhaps due to a dependence of bulk conductivity in the nixed state
* 1 son jh^ j . In view of the considerable amount of hysteresis in
magnetisation in this specimen, the existence of a kind of
Mendelssohn sponge due to inhomogeneity is quite feasible. With
very small measuring field, /i1 and /i" dropped to zero without going
through any peak. Perhaps the conductivity o-^ , and hence x^ is so
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large in the mixed state that the corresponding values of ja1 Ai.a i
and ,-u1^ /tu are smaller than the values ..u1^  /u^ and /u^ immed-
iatly above It is more likely that the surface screening,
denoted by x - 47TJ, /c[ho! is already very large, in view of the
small jh^j; and this combined with the large conductivity in the *
mixed state makes the transition almost complete in the mixed state.
After leaving the specimen for two months, an identical measurement
(with small jh^ j ) showed that both jcl* and ;uM did not change much
when the static field was lowered below H but dropped to zeroc ^
at Hc .^ This is shown in Fig. 6.6 (a). The difference between 
these two measurements must be caused by a reduction in the critical 
surface current density as a result of the room temperature anneal­
ing of the surface. The difference in transition above H D inC M
these two measurements is very snail.
6.8. Discussion — The Broad Mixed State
The frequency dependence of transition in the mixed state of the 
Tl^gln^g specimen can be understood in terms of the ohmic model. For 
example, an increase in frequency caused the yvi1 peak to occur at a 
higher static field where the conductivity (T is smaller so that the 
parameter x *= a J*t TTCTW retains its value of (2*5) which yu" 
has its maximum. The corresponding increase in the value of the 
ja." peak is not understood. The ohmic model does not provide for 
any dependence on [kQj; Such a dependence has been observed, as
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described in Section 6.5* It is on the whole similar to that 
observed above but much smaller. It is reasonable to suggest 
that this is part and parcel of the surface superconductivity which 
extends into the mixed state.
Transitions in the mixed state of the T l ^ I n ^  specimen are 
similar* In view of the reasonably good reversibility in magnet­
isation in the mixed state, a reactance plot of ^ in/u^ against 
in the transition in the mixed state of this specimen is shown in 
Fig* 6*7, together with the plot for the ohmic model. The specimen, 
after being electropolished, was annealed in vacuo at 130 °C for 
46 days* and measurement was made without any further treatment of 
the surface. The normal transition curves ( »' and versus H) are 
shown in Fig. 6.1 (—  o ~ ~  and —  •— )i The reactance plot of this 
measurement lies below the ohmic plot, although the shapes of the 
two curves are remarkably similar. If surface current dissipation 
is incorporated into the ohmic model* the new reactance plot is 
expected to lie above the ohmic one, so that the deviation of the 
experimental curve from the ohmic one cannot be attributed to the 
surface current mechanism. It may be caused by the formation of 
non-dissipstive superconducting paths in some part of the specimen 
and hence reduces the overall dissipation in the mixed state. The 
existence of a Mendelssohn sponge in the mixed state would have 
such a consequence.
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CHAPTER 7 
CONCLUSION
Owing to the relative novelty of the subject concerned and to 
the lack of precedent for low temperature research in this College, 
this experimental investigation is very much of an exploratory nature 
and much observation has been left without a proper understanding. 
The following is a discussion of the possible further experiments 
to be carried out.
In connection with the anomaly in surface nucle&tion field, 
experiments can be designed to deposit a thick layer (of the order 
of (T) ) of a metal A onto a bulk material B with a view to 
subsequent controlled diffusion at high temperature. It should be 
possible to calculate^ the gradient of A as a function of distance 
from the surface at various stages of diffusion, and some idea of 
the shape and size of the potential well near the surface may be 
obtained. This can be related to the change in surface nucleation 
field and an understanding in theoretical terms may be possible.
A preliminary theoretical treatment has been made by B.B. Tilley 
(1965) on the rather scant evidence obtained in this work and more 
detailed results from well planned experiments would be most useful. 
From the technical point of view, the coating of a uniform thick 
film on the bulk material, while at the same time avoiding instan­
taneous diffusion may impose a difficult problem, and may have to
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be done at low temperature, and with a good choice of deposited and 
bulk materals, A study of the surface current properties at various 
stages of diffusion can also be done.
With regard to the surface current properties of the St. James 
— de Gennes sheath, D.C. potentiometric measurements would be a 
useful complement to the A.C. mutual inductance measurements. It 
would be of interest to see whether there is any marked difference 
in the current carrying capacity of the surface in these two kinds 
of measurement. One is reminded of Abrikosov* s objection (Sction 
5*5) which affects the A.C. mutual inductance measurements but 
should apply to a different degree to D.C. measurements.
A study of the higher harmonics of the secondary signal, or a 
direct study of the wave form itself will yield very useful inform­
ation regarding the surface current. This can be done with a new 
circuit arrangement.
The kinds of measurement made in the mixed state in the present 
investigation should be very informative, and futher measurements 
can be done. Much larger amplitudes of measuring field should be 
used ( x *s 47T Jc /c}ho! *-> 0 ) to eliminate the surface effect if 
necessary. Better specimens (high reversibility in magnetisation) 
are desirable for the study of viscous flow of flux lines. Measure­
ments in deformed specimens would give some idea of the other 
dissipative mechanisms, such as hysteresis due to flux pinning, 
which would then be operative.
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Recently, there has been considerable interest in measurements 
of transverse voltages of the Eall effect type. This effect might 
also be profitably investigated by employing A.C* methods. An 
analysis of the waveform of the transverse signal would probably 
provide more information than the kind of D.C. measurement hitherto 
employed.
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